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Abstract 
This thesis presented response of unbound pavement material to stress for gravel road subgrade 
material. Type of design method significant to analysis responses of pavement material to stress 
articulated in first part of this study. Permanent deformation of pavement layers indicated as 
main problems of this investigation. The main objective of this research was to explore responses 
of unbound pavement material to stress in pavement layer. Different research materials have 
been reviewed to conduct this research. Pavement design analysis and pavement response 
modeling vastly reviewed in literature section. Disturbed sampling method used for sampling 
subgrade material from existing borrow pit of gravel road project; triaxial sample of thirty eight 
millmeter in diameter with height of seventy six millmeter prepared in standard compaction 
method and tested in triaxial test with three confininng stress at one hundered,two hundred and 
three hundred kilopascals, in applying vertical dynamic load in laboratory as designated in 
methodology to attain the inputs of mechanistc model. This mechanstic model is layered elastic 
model utilized for determination of pavement responses to stress. Subgrade material test and 
modeling results represented in figures and tables of this reseasch. These results discussed and 
analyzed layered elastic model. Minimum stiffness of subgrade soil and  pavement wearing 
material used for pavement model, required as inputs of layered elastic model determined from 
correlation of  calfornian bearing ratio to stiffness.The following findings obtained from results 
and discussion of this research: Stiffness and Shear strength of material increased as cell stresses 
increased. The output of Layered elastic model indicated pavement maximum deflection; 
pavement critical strain and maximum shear stress found at wheel contact area on pavement 
surface. Pavement maximum shear strain was located at sides of wheel contact area on pavement 
surface.  Pavement layers deflection,strain and shear diminished away from the wheel contact 
area in horizontal and vertical direction. And maximum damage of pavement layers was taken as 
pavement cumulative damage. In conclusion, layered elastic model explored responses of 
unbound pavement material to stress in form of pavement layers deflection, stress and strain, 
shears and estimating pavement layers cumulative damages. Consequently investigating response 
of unbound subbase and base material to moving load in Discrete Element Modeling  
recommended for future research.   
 Key Words:   Layered Elastic Model; Mechanistic Pavement Design; Pavement Layer 
Responses; Triaxial Test; and Unbound Pavement Material.  
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1.  Introduction  
Trend pavement (NCHRP 1-37A) designed against subgrade shear failure in providing pavement 
layers to increase subgrade bearing capacity. Thickness of trend pavement design was 
determined depend on experience of previously constructed projects. This trend pavement design 
had gap to consider growth of traffic volume, pavement performance evaluation and pavement 
thickness determination. These gaps considered to upgrade trend pavement design method to 
AASHTO track test experiments.  
Track test experiments developed Empirical Pavement Design, namely AASHTO Pavement 
Design Guide. This method works for present pavement design. Currently, empirical pavement 
design method entirely relying on experimental data for in-service pavement performance and 
full scale road test. This method has also gap to determine pavement responses and estimate 
pavement cumulative damage to traffic load based on layered elastic theory.  
ERA pavement design guide needs response based pavement design method that used to 
determine pavement responses and estimate pavement cumulative damage to traffic load using 
mechanistic models. Additionally, it needs to embrace specification that used to test unbound 
pavement material mechanical properties namely shear strength and stiffness. 
In last three decades, researcher’s coming with mechanistic pavement design method that used to 
explore pavement responses subjected to traffic load. This pavement design method mostly 
depending on mechanical property of pavement materials under contact stress. These mechanical 
properties are stiffness and shear strength of material. This unbound pavement material has 
Elasto -plastic behaviour.  Consequently, Pavement had two types of deformational responses 
when subjected to traffic loads (Werkmeister, 2003), namely elastic and stable strain response. 
Pavement elastic strain response is significant for load carrying capacity while permanent strain 
response is used to characterize long term pavement performance.  The significance of 
investigation of pavement responses is to predict pavement critical damage, critical strain and 
stress and critical deflection. Additionally, researchers developed a layered elastic model for 
modeling pavement responses under contact stress.  
This mechanistic model required mathematical models to analysis pavement responses to surface 
loadings. Although, there are different functional models utilized for pavement structural 
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modeling.  These function models are layered elastic model (Gerrard, 1969) and finite elements 
model (FEM) typically used in pavement structural analysis and design.  These models can 
easily be run on personal computers and required data that easily obtainable. A layered elastic 
model used to analysis engineering problems, namely stresses, strains and deflections at any 
point in a pavement structure resulting from application of a circular load. This model was 
basically developed for pavement structural modeling. The origin of layered elastic theory is 
credited to V.J. Boussinesq who published his classic work in 1885. Layered Elastic Model used 
for this research to analysis responses unbound pavement material to stress. This layered elastic 
model is CIRCLY used for more than thirty years in Austroads mechanistic pavement design 
guide.      
CIRCLY (Austroads 2004) developed based on layered elastic model and used to explore 
different circular load on pavement surface. It works based on integral transform technique and 
input data for this program is much easier than the essential finite element programs. CIRCLY 
was used to calculate the load-induced stresses, strains and displacements at any selected points 
in the layered system. Layered elastic models assume that each pavement structural layer is 
isotropic and anisotropic properties. Subgrade material and subgrade soil have anisotropic 
material properties, asphalt and cemented materials comprise isotropic properties. The interface 
between layers can be considered as fully continuous or rough.   
1.1.   Research Problem  
The main problem of this research was permanent deformation or rutting. Pavement surface 
loading is the contact stress. This contact stress formed two significant strain components in 
pavement; the maximum vertical compressive strain caused surface rutting and the maximum 
horizontal tensile strain caused fatigue cracking. The distress mode of gravel road was roughness 
usually caused by traffic action combined with low stiffness layer resulted from poor material 
quality, poor compaction and excessive moisture in pavement structure. This roughness formed a 
wave or corrugation across pavement surface. The factors led to such damage are material types, 
nature of subgrade soil and environment pavement existed. Permanent deformation and fatigue 
cracking formed by contact stress are main deterioration modes in pavement structure. 
 
2 
 
1.2.   General Objective  
The main object of this research is to explore responses of unbound pavement material to stress 
in pavement structures.  
1.3.   Specific Objectives  
 This research has the following specific objectives;  
1. Used to find out the maximum pavement deflection, critical strain and shear strain, 
maximum stress and shear stress locations on pavement layer during loading time.  
2. Help to demonstrate pavement layers deflection, strain and intensity of stress depend on 
distance and depth from wheel contact area at loading time.  
3. And help to predict maximum damage of pavement layers during design of the pavement. 
1.4.   Significance of the Research  
The outcomes of this research underline the following key significances; 
1. Enhance to have a deep understanding of pavement responses to contact stress for highway 
pavement researchers, engineers and planners.   
2. Promote to use mechanistic pavement design method for road industries more than empirical 
pavement design method. 
3. Promote layered elastic model software for researchers, engineers and planners to use in 
highway designs and researches. 
4. Enhance to embrace mechanical property test equipments for unbound pavement materials to 
highway industries pavement design specification.   
1.5.   Limitation of the Research  
Stiffness test of subgrade material in laboratory was a limitation of this research in exploring 
response of unbound pavement material to stress particularly for unbound pavement material 
retained above 4.75mm sieve size used for subgrade, subbase and base of pavement structures.  
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2. Literature Review 
2.1.  Pavement Structure 
The bearing capacity of subgrade soil to support traffic loads without providing protective layer 
is unattainable. This protective layer is multilayer and known as pavement as indicated in figure 
2.1. The main function of the pavement is to distribute the traffic load over the top of subgrade 
soil at much wider than the contact area between the wheel tyre and pavement surface. This 
technique used to reduce the maximum stress induced in subgrade soil and prevent the excessive 
deformation in pavement design period. Sufficient stiffness and thickness is provided for a 
pavement to protect excessive permanent deformation during the pavement design life while the 
pavement designed for twenty and more years (Thom, 2008).    
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Wheel Load Distribution through Pavement Structure (Thom, 2008) 
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2.1.1.   Flexible Pavement Structures 
Currently, flexible pavements have three main layers: bituminous surface course, roadbase and 
subbase. The soil foundation for flexible pavements is known as subgrade. The components of 
flexible pavements are shown in figure 2.2.   
Figure 2.2: The Components of Flexible Pavements (Shiau, 2001) 
Ninety percent of paved highways contain a bituminous surface layer (Thom, 2008). The main 
importance of this surface is to provide a safe and smooth riding for Vehicular Traffic. Bitumen 
is a binder, like Portland cement and other hydraulic binding agents. But, they have quite 
different properties. Hydraulic binding agents used for a rigid pavement layer, which have not 
deformable under repeated traffic load, bitumen has the ability to flow since it remains viscous 
liquid at in- service temperatures.  The main mechanical characteristics of a bitumen-bound layer 
are the shear strength development induced by particle interlock and cohesion, as well as 
significant tensile strength. The properties are temperature sensitive. The normal distress modes 
of pavements are the fracture induced by fatigue and overloading, as well as the permanent 
deformation. The critical property required for pavement design, stiffness, the resistance to 
permanent deformation under repeated traffic load and fatigue. 
The pavement structural layers lying below the bitumen bound layers and used to distribute the 
moving wheel load to the top of subgrade or pavement foundation. They are constructed from 
materials: stone fragments, granular materials or selected materials like crushed stone in natural 
or by crusher plant. Behavioral description of base and subbase are shear strength development 
through particles interlock and has lack of tensile strength. The generally failure type of base and 
subbase layers are deformation induced through shear, densification and disintegration of 
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particles. The key parameters of base and subbase are stiffness and resistance to accumulated 
deformation under repeated loads (Shiau, 2001). 
The function of subgrade is to support pavement structure and moving loads during its design 
life (Brown and Selig, 1991). The soil type and characteristics are varies along the route of study 
or construction with the terrain type, whereas the soil are very sensitive to moisture contents 
(Thom, 2008). The behavioral characteristics of subgrade layer are stiffness under transient load 
and resistance to the accumulated deformation under repeated traffic loads.    
2.1.2.   Contact Area and Pressure Distribution 
The pavement layers support the wheel load transferred to the subgrade soil. The depth of the 
pavement layers are used to reduce the wheel load stress. The behaviour of the pavement 
structures is affected by the contact form between wheel tyre and pavement surface. The shape of 
the contact depends on the ratio of applied load to the maximum recommended tyre pressure 
(Croney, 1977). If the ratio is small, the circular contact observed. When the ratio increased, the 
contact area becomes elongated.  
The contact stress between the wheel tyre and pavement surface is classified into three; vertical, 
longitudinal and transversal stresses. As shown in figure 2.3, the vertical stress is perpendicular 
to the contact surface; the longitudinal stress is parallel to central plane and the transversal stress 
perpendicular to central plane. In generally, the tyre pressure is usually assumed to the normal 
contact pressure for a small car 250kpa and for large truck 600kpa. The typical axle load for 
highway Traffic design is 80KN or 100KN, 80KN is currently being used in UK (Thom, 2008).      
 
  
Figure 2.3: The direction of contact stresses on pavement surface (De Beer et at., 1997) 
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According to (De Beer at.al, 1997), the maximum vertical contact stress is found under the two 
sides of tyre than the center; the transversal stress is zero at the center of the tyre; the 
longitudinal stress distribution is sensitive to load and inflation pressure as shown in figure 2.4. 
In theory or simulation research the traffic contact pressure is considered as Hertz or Trapezoidal 
distribution under plan strain condition (Yu, 2005; Yu and Hossain, 1998), while in three 
dimensions, a hertz distribution acting on elliptical contact area used to describe the contact 
pressure (Ponter et al., 1985; Yu, 2005). In practice, a uniform pressure distribution is normal 
assumed (Thom, 2008).  
 
Figure 2.4: Typical Contact Stress Distributions (De Beer et at., 1997) 
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2.1.3.   Pavement Responses  
When a wheel moves on the pavement surface, the parts of pavement structure subjected to 
loading and unloading process. The stress types: axial and shear stresses are formed as shown in 
figure 2.5a; The axial stresses are compressive in unbound granular layers as a wheel load passes 
over pavement surface ; a reversal shear stress takes place and the rotation of principal axis 
induced. The deformation behaviour of pavement layers subjected to a moving wheel load 
composed of resilient (recoverable) and permanent (residual) deformation are formed as shown 
in figure 2.5b.   
The elastic response of road pavement takes place when the repeated stress level is either lower 
or greater than the applied stress during the period preloading but below the maximum 
compressive strength of the pavement materials. The maximum stress level for elastic response 
of road pavement is known as shakedown limit. Below this limit, the pavement may behave 
plastically during initial loading but the elastic response takes place as further loading. The 
elastic behavior of the pavement has been validated through wheel tracking test in the laboratory  
There is further accumulation of plastic deformation after certain number of the repeated stress 
and when the pavement is subjected to an applied stress below the shakedown limit (Juspi, 
2007).     
The accumulation of permanent deformation is typical plastic response of the pavement. Rutting 
(permanent deformation in pavement) is caused by compaction (reduction in volume) and shear 
distortion at pavement surface. When the pavement experiences a repeated stress level above the 
shakedown limit, the permanent deformation constantly accumulates with the repetition of wheel 
loads (Monismith and Brown, 1999). 
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 a) Stress Response 
 
b)  Strain Response 
Figure 2.5:  Stress and Strain responses of pavement (Lekarp et al., 2000) 
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2.1.4.  Pavement Failure Modes 
There are two types of pavement failure (Yoder and Witczak, 1975). The first is categorized as 
the structural failure. The pavement structure may collapse, one or more pavement components 
fail. As a result, the pavement is incapable of support the traffic load applied on its surface. The 
second is pavement functional failure: This pavement failure tends to take place due to 
discomfort to passengers induced by pavement roughness. According to Miller and Bellinger 
(2003), there are several types of pavement distress. The pavement distress modes generally 
observed in flexible pavement classified into five categories, namely fatigue cracking, permanent 
deformation or ratcheting; surface defects such as bleeding and raveling, patching and potholes 
and other miscellaneous distress like lane to shoulder drop off.  The latter three problems could 
be solved by an appropriate resurfacing or removal of the excess bituminous binder. The fatigue 
cracking and permanent deformation induced by repeated traffic loads are the main 
characteristics of pavement distress. 
The most common mode of distress in flexible pavements in the USA has been considered to be 
fatigue cracking (Monismith, 1973). As shown in Figure (2.6), fatigue cracking may be observed 
at the surface outside the loaded area or at the bottom of the bituminous layer directly under the 
load, where the tensile stress is largest (Wang, 2011). With reference to Hveem and Sherman 
(1962), for a thin asphalt layer, the fatigue cracking evidently occurs at the pavement surface, 
which is induced by horizontal tensile stresses or strains resulting from flexure of the pavement. 
As thicker bituminous layers were introduced, in situ measurements of tensile strains were 
carried out by Klomp and Niesman (1967) and the maximum value was apparently observed at 
the bottom of the layer rather than at the surface. In practical engineering, the cracks develop and 
connect to one another with the repetition of traffic loads, as shown in Figure 2.7. 
Deterioration in flexible pavements is mainly indicated by permanent deformation, which is 
attributed to an accumulation of vertical plastic deformation in the pavement structure and the 
soil foundation subjected to repeated traffic loads (see Figure 2.8). The pavement structure 
includes the asphalt layer as well as the granular layer. These deformations may arise from shear 
deformation, viscous flow, compaction or consolidation. An initial sharp increase in the 
permanent deformation tends to occur for all flexible pavements, due to the densification of the 
pavement layers. For a well designed road pavement, only a small increase in the permanent 
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deformation appears with time. Figure 2.9 shows the permanent deformation of flexible 
pavements in practical engineering. Generally, when a value of 15mm for permanent 
deformation is measured from the original level, the pavement is considered to have reached a 
critical condition. Pavement maintenance is required to satisfy the future performance (Norman 
et al., 1973). Once the rut depth exceeds 20mm, the pavement condition is often classified as 
failed (Croney, 1977). 
 
 
Figure 2.6: Fatigue cracking in road pavements outside and bottom of loaded area (Wang, 2011) 
 
 
 
 
 
 
Figure 2.7: Fatigue Cracking in practical engineering (Wang, 2011) 
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Figure 2.8: Rutting or Permanent Deformation in Road Pavements (Wang, 2011) 
 
 
 
 
 
 
 
 
Figure 2.9: Rutting or permanent deformation in Practical Engineering (Quang, 2014) 
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2.1.5.   Pavement Shakedown Analysis 
Soil and Load Bearing Structures support the cyclic or repeated loading of earthquake, ocean 
wave and traffic loading. The shakedown theory used in Practical Engineering. Shakedown is a 
direct and effective way to explore bearing strength and stability capability of elastic plastic 
structure under cyclic load.  Over the past three decades, the shakedown analysis played an 
important role in the safety of load assessment of the pavement. There exist a series of 
shakedown studies such as Johnson (1962); Sharp and Booker (1984); Collins and Cliffe (1987); 
Shiau and Yu (2000); Boulbibane and Collins (2000); Yu (2005); Wang (2011).  
2.1.6.  Shakedown Concept   
When a cyclic load is applied to elastoplastic structure, four conditions are created due to various 
load level as shown in figure 2.10.  First, if the load level is within the yield area of the structure, 
the behaviour of the materials is always purely elastic and no plastic strain occurs. When the load 
level exceeds the elastic limit but it is still lower than the critical limit, structure undergoes the 
plastic deformation at the beginning of loading cycles. Elastic shakedown happens and the 
critical limit is termed as the shakedown limit. Third ,if the load level is larger than the 
shakedown limit , where the closed plastic strain cycle substitute the purely elastic strain 
response is known as the plastic shake down limit. At this moment, irregular plasticity collapse 
may occur due to repeated closed loops developed between two plastic states. Finally, when the 
loading level is very large that is used to increase the plastic deformation with increasing the 
number load cycles, the structure will collapse, which termed as ratchetings.    
 
 Figure 2.10: Elastoplastic Behaviour of Structure subjected to Cyclic Loads (Johnson, 1986) 
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 2.1.7.  Shakedown Analysis in Pavement Engineering 
Ponter et al. (1985) used the kinematic shakedown theorem to study the deformation response of 
an elastic-perfectly plastic half-space under rolling and sliding point contacts. A Hertz pressure 
distribution and frictional traction acted on an elliptical area. Various traction coefficients and 
loaded ellipse shapes were used to obtain the optimal upper bound elastic and plastic shakedown 
limits. Radovsky and Murashina (1996) developed a model through a Mohr-Coulomb failure 
criterion to predict the shakedown occurrence of subgrade soils. The boundary shakedown loads 
and pressures increased with an augmentation of the shear strength of subgrade soils. The 
internal friction angle of the material had an effect on the ratio of the maximum to the smallest 
boundary shakedown load. 
The mechanical behaviour of an unbound pavement under repeated traffic loads was studied by 
Collins and Boulbibane (2000). A procedure was proposed on the basis of the Mohr-Coulomb 
criterion and kinematic shakedown theorem. A shakedown limit was obtained above which 
pavements will eventually fail due to continuous accumulation of permanent deformation and 
below which pavements initially exhibit some plastic deformation but will eventually shakedown 
to a steady state. Some factors such as self weight, moisture content, dual loads, relative 
strengths of the different pavement layers and non-associated plastic flow were considered. Non-
linear programming techniques and the displacement-based finite element method were used to 
perform shakedown analysis of structures by Li and Yu (2006). A general yield criterion and an 
associated flow rule were applied to the upper bound shakedown theorem. The efficiency and 
effectiveness of this numerical method were validated by shakedown analysis of pavements and 
tunnels 
2.1.8.   Residual Stress 
Elastic and plastic deformations of the pavements are caused through the moving traffic load on 
the pavement surface. After the removal of the load, the elastic strain will recover and the elastic 
stress disappears. However, the plastic deformation remains in pavement and some stresses have 
occurred, called residual stress. Pavement shakedown was simulated using the finite element 
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method in 2D by Wang (2011). The size of the simulated pavement model was 84a long by 30a 
high (a is semi contact width). A Hertzian contact was used to model the wheel pressure. Tresca 
and Mohr Coulomb materials were used for the half-space simulation. Pure rolling contact was 
considered. The various residual stress distributions with pavement depth for a Tresca half-space 
are presented in Figure 2.11, where the wheel pass number was three. It was noted that the 
vertical and shear residual stresses could be disregarded, consistent with the equilibrium 
condition. For the horizontal and transverse residual stresses, the maximum value was close to 
the pavement surface. In the case of Mohr Coulomb material, the fully-developed horizontal 
residual stress fields for various internal friction angles and wheel pressures are demonstrated in 
Figure 2.12. Their peak points were all located beneath the pavement surface, approximately at 
z/a = 0.5. With the increase in friction angle, the residual stress distributed more and more 
widely with the increased magnitudes of compressive residual stresses. 
                
Figure 2.11: Distribution of normalized Residual Stress (Wang, 2011) 
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 Figure 2.12: Distributions of normalized fully-developed horizontal residual stress (Wang, 2011) 
2.2.  Pavement Design Method 
The growing of transportation needs and increments of traffic load had made rapid deterioration 
of existing road networks. This situation influences the road sectors to use alternatives materials 
to the natural aggregates in pavement structure. But, the applicability of alternative materials was 
a gap by the empirical nature of traditional design method. The need to overcome this gap has 
led worldwide research effort to develop the more adaptable and comprehensive pavement 
design method, namely mechanistic pavement design. This method is used to analyze the 
response of the pavement structure under specified traffic loads and environmental conditions. 
Understanding the behaviour of the pavement materials is a prerequisite for mechanistic 
approach. The behaviour of the granular material is a complex Elasto plastic. This has two type 
of deformational response under repeated traffic loading as a resilient response, which is 
important for the load carrying capacity of the pavement and a permanent strain response, which 
characterizes the long-term performance of the pavement and the rutting phenomenon 
(Werkmeister, 2003). 
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The mechanical properties of unbound granular layers in flexible pavements are important to the 
overall structural integrity of the pavement structure. The resilient (elastic) properties of unbound 
granular materials are non-linear and stress dependent (Hicks and Monismith, 1971; Uzan, 
1985). 
Prior to 1920s pavement was designed against subgrade shear failure by providing a subgrade 
support from the experience of previously completed projects. Afterward, the traffic volume 
increased and evaluation of pavement performance became the main focus points. These 
parameters have led the development of test track experiments. This experiment was AASHTO 
Road test track at 1960. From this, AASHTO Road test track seminar experiment, the AASHTO 
design guide was developed. This design guide was named as Empirical Methods (NCHRP, 
2004). 
Empiricism is behind the design of pavements still the current time. The thickness of a pavement 
is determined entirely through experience. A part of road pavements has the same thickness and 
different subgrade soil occurs in geotechnical engineering. A series of methods has been 
proposed by various agencies, based on experience, to determine the ideal thickness of road 
pavements. Flexible pavements usually consist of asphaltic and granular materials.  Rutting and 
Cracking of pavement surfaces are the main causes of flexible pavement failures. The design 
methods of flexible pavements can be divided into five groups, namely the empirical method, the 
mechanistic-empirical method, the limiting deflection method, the limiting shear failure method, 
and the regression method (Huang, 1993). 
Empirical methods are most wide used to design flexible pavements, like AASHTO Pavement 
design guide. The recent empirical approach is totally based on experimental data from in service 
pavement performance and full scale road tests. Some empirical equations such power equation, 
used to determine the permanent deformation of road pavements under repeated wheel loads 
(Monismith et al., 1975; Li and Selig, 1996). Though, the relationship between the elastic strain 
and the permanent deformation behaviour of road pavement tends not to be directly established 
(Shiau, 2001). In general, plastic strain is assumed not to be induced and the importance of 
plastic behaviour to the pavement life cycle is disregarded. Another weakness of the empirical 
method is related to the limitation of the environmental, material and loading conditions (Huang, 
1993). 
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The mechanistic-empirical method of pavement design depends on the mechanical behaviour of 
materials, e.g. the stress or strain response of road pavements to a wheel pressure. According to 
laboratory tests and field performance data, prediction of pavement distress is performed using 
the response values. As first recommended by Kerkhoven and Dormon (1953), the vertical 
compressive strain on the surface of the subgrade can be applied as a failure criterion for 
pavement design. In addition, the horizontal tensile strain at the bottom of the asphalt layer is 
employed to reduce fatigue cracking (Saal and Pell, 1960). Moreover, a mechanistic-empirical 
design approach, i.e. the South African Mechanistic Design Method, has been used in South 
Africa (Theyse et al., 1996). Transfer functions are proposed to predict the permanent pavement 
deformation in terms of the unbound pavement layer, the individual pavement layers and the 
roadbed. In the mechanistic-empirical framework, there exist the linear elastic model, the linear 
elastic model with the viscoelastic response and the nonlinear finite element model (e.g. 
Monismith et al., 1977; Kenis, 1977; Lytton et al., 1993). The strengths of the mechanistic-
empirical method are improvement in the reliability of pavement design, and the ability to 
predict types of pavement distress (Huang, 1993). 
The thickness of pavements can be obtained using the limiting shear failure method so that shear 
failures will not take place (e.g. Barber, 1946; Yoder, 1959). The cohesion and internal friction 
angle are the main parameters to be determined in terms of pavement materials and subgrade 
soils. The limiting deflection method is applied to the design of road pavements so that the 
maximum limit of the vertical deflection is not exceeded (Huang, 1993). The evident strength of 
this method is that it can be easily measured in the field. However, pavement failures will be 
induced by excessive stresses and strains rather than deflections. For the regression method, the 
regression equations are proposed on the basis of the performance of existing pavements (e.g. 
Darter et al., 1985; Hall et al., 1989). The advantage of these equations is that the effect of 
various factors on pavement performance is considered, whereas there is a significant limitation 
on pavement design due to the many uncertainties concerned (Huang, 1993). 
Destruction of road pavements subjected to repeated vehicle loads is generally brought about by 
progressive deterioration, instead of sudden failure. Therefore, the long-term plastic behaviour 
needs to be taken into consideration. Over the last three decades, a growing attention has been 
paid to the application of shakedown theorems so as to study the mechanical behaviour of road 
pavement structures under repeated traffic loads (e.g. Sharp and Booker, 1984; Collins et al., 
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1993; Yu and Hossain, 1998; Yu, 2005). Theoretically, there exists a critical load limit below 
which the accumulation of plastic strain ceases because of the protective residual stress and 
above which the road pavements will be destroyed as a result of the continuous accumulation of 
plastic strain. This load limit is called the shakedown limit. Melan (1938) developed a 
fundamental theorem for static shakedown, which provides a lower bound to the shakedown 
limit. Later, Koiter (1960) proposed a kinematic shakedown theorem to give an upper bound to 
the shakedown limit. The shakedown limit load seems first to have been proposed as providing 
proper parameters for road pavement design by Sharp and Booker (1984). Determination of the 
shakedown limit for pavement design has been performed (e.g. Yu and Hossain, 1998; Shiau, 
2001; Yu, 2005; Wang, 2011).  The pavement shakedown phenomenon has also been validated 
by laboratory wheel tracking tests (e.g. Juspi, 2007) and by the AASHO road test records (see 
Sharp and Booker, 1984). 
A few Discrete Element Modeling (DEM) simulations for road pavements have been proposed. 
A 2D flexible pavement structure was constructed by Vallejo et al. (2006), composed of a 
modelled asphalt concrete layer and a granular base. The particle degradation in the granular 
base was studied and particle crushing was not allowed in the modelled asphalt layer. It was 
found that particle breakage started at the top of the granular base course and went on to spread 
towards the bottom of the base layer during repeated wheel loads. In addition, a flexible 
pavement in three dimensions was established by Dondi et al. (2007), containing an asphalt 
layer, as well as granular subbase and subgrade courses. The asphalt layer was simulated using 
Burger’s model. The visco-elastic behaviour of the simulated pavement subjected to two circular 
contact patches was studied. The contact stress distributions within the simulated pavement 
section were measured in terms of vertical, horizontal and shear stresses. Moreover, some DEM 
simulations have been performed on the mechanical behaviour of the elementary specimens, 
comprised of unbound granular materials subjected to quasi-static cyclic loading (e.g. Garca-
Rojo and Herrmann, 2005; Luding et al., 2007). The development of permanent deformation 
with the repetition number of the external loads was recorded. For different load levels, 
shakedown (i.e. no further accumulation of permanent deformation) and ratchetting (i.e. the 
continuous accumulation of plastic strain in individual loading cycles) were observed. Therefore, 
as discussed above, DEM simulation of permanent deformation of road pavements under 
repeated traffic loads can be carried out. It is potentially useful in pavement structure design. 
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2.3. Pavement Mechanistic Modeling 
The development of CIRCLY was based on layered elastic system (Gerrard, 1969). The work to 
develop analytical elastic solutions (Gerrard and Wardle, 1973) in software in FORTRAN 
language to explore different circular loadings on pavement surface combined CRANLAY and 
UCRANLAY (Harrison et al., 1972) programs into CIRCLY. The acronym of CIRCLY came 
from circular loads (circular contact area) and layered systems. CIRC was the short form of 
Circular loads and LY was an abbreviation for layered Systems, because at the time the CSIRO 
FORTRAN compiler had a limit of 6 characters for the program name (and any variable). 
CIRCLY works based on integral transform techniques and offers significant advantages more 
than other linear elastic analysis techniques such as the finite element method. Input data for the 
program is much easier than the essential finite element programs. The analytical solutions for 
the stresses, strains and displacements are given by integral transform methods (Wardle, 
1977a).The solutions involve integrals of this form: 
 
(1) 
 
Where J denotes the Bessel function of the first kind, and r and z are expressed as multiples of 
the loaded radius. The coefficients A(k) are found by solving a set of simultaneous equations 
which represent the loading conditions at the surface, the interface conditions between the layers, 
and the conditions at the base of the lowest layer. The integrals are evaluated numerically. 
CIRCLY was used to calculate the load-induced stresses, strains and displacements at any 
selected points in the layered system as represented in figure 4.2 and 4.3. Subgrade material and 
subgrade soil have anisotropic material properties, asphalt and cemented materials comprise 
isotropic properties.  The interfaces between the layers can be either fully continuous (rough) or 
fully frictionless (smooth), or a combination of both types. From a practical standpoint the 
response of actual pavement interfaces will be somewhere between these theoretical limits. The 
fully continuous case is always assumed for pavement design. 
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The evolution of CIRCLY has been intimately linked to the development of Austroads flexible 
pavement design method. CIRCLY was officially adopted for flexible pavement design in 
Australia with the publication in 1987 of Pavement Design. This manual had moved forward 
empirical pavement design to comprehensive mechanistic design method. This design method 
acquired a mathematical model with inputs of engineering properties and outputs depended on 
material performance data. The advantages of the mechanistic approach in pavement design are 
the ability to take into consideration different variables and test these for quality, and the ability 
to assess the performance of new materials and loading conditions. Momentarily, the Austroads 
flexible pavement design method (Austroads, 2004) uses CIRCLY to calculate load-induced 
stresses, strains and deflections in model pavements as represented in Figure 2.13. The surface 
loading is the “standard axle” as represented in appendix figure C-4. Two critical strain 
components are used to design pavements. These are  maximum vertical compressive strain at 
the top of the subgrade  and subgrade layers is related to the repetitions to cause surface rutting 
failure and the maximum horizontal tensile strain at the bottom of the asphalt or cemented layers 
is related to repetitions to cause fatigue cracking of those layers as shown in figure 4.1 and C-4.  
 
 
 
 
 
 
 
 
 
Figure 2.13: Pavement Model for Mechanistic Procedure (Austroads, 2004) 
The ‘mechanistic’ design method involves calculating pavement damage from these critical 
strains using empirical equations called ‘failure criteria’ or ‘performance relationships’ of the 
form as indicated in appendix table B-3b of CIRCLY: 
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 (2) 
 
 
 
 
 
 
 
 
The empirical parameters k and b are determined by calibrating the design method against 
observed performance of test pavements or of pavements in service. 
2.3.1. Pavement Damage Model 
Empirical pavement design method does not consider the Cumulative Damage Factor (CDF) 
theory; it has been considered through mechanistic design method determined in CIRCLY 
software by presenting results numerically and graphically. The CDF theory is used to predict 
the total damage as represented in figure 4.2. This presents the level of pavement strain response 
to vehicle loading as a direct indicator of pavement damage over the complete life of the 
pavement. The cumulative damage from all of the vehicles contributes to the failure of the 
pavement according to the strain imposed by the individual vehicles. The Damage Factor for the 
i-th loading is defined as the number of repetitions (ni) of a given strain divided by the 
‘allowable’ repetitions (Ni) of the strain that would cause failure. The Cumulative Damage 
Factor is obtained by summing the damage factors over all the loadings in the traffic spectrum 
using Miner’s hypothesis. The Total Damage Factor is defined by: 
 
(3) 
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 i is summed over the mix of loads, for example, different container vehicles. The pavement is 
presumed to have reached its design life when the cumulative damage reaches 1.0. If the CDF is 
less than 1.0, the pavement has excess capacity and the CDF represents the proportion of 
pavement life consumed by the design traffic. Conversely, if the CDF exceeds 1.0 then the 
pavement is deemed to be unacceptable and must be modified in the next trial so that the 
deficiency is overcome by increase in pavement thickness or a modification to stiffness. The 
process is repeated until a satisfactory result in achieved as prescribed in Austroads 2004. 
2.3.2. Material Characterization 
Isotropic materials have the same properties in all directions whereas anisotropic materials have 
not the same properties in all directions. The cross-anisotropic case has an axis of symmetry of 
rotation. The properties are equal in all directions perpendicular to this axis, but different to those 
parallel to the axis. Assuming the axis of symmetry to be vertical, the five parameters required 
are Vertical Moduli (Eν), Horizontal Moduli (Eh), Shear Force (Fν), Horizontal Poisson’s Ratio 
(νh) and Vertical Poisson’s Ratio (Vv) (Austroads, 2004). 
The NAASRA working group had noted that measured deflection bowls were narrower than 
those estimated from elastic layer analysis using isotropic models. The view was taken by the 
working group that anisotropic models were appropriate for modeling granular and subgrade 
materials. To obtain a closer fit between observed and CIRCLY-estimated deflection bowls, a 
value of 2 for the modular ratio (Eν/Eh) was adopted for both granular and subgrade materials as 
a ‘best estimate’. The values of Vh and Vv were taken to be the value of the isotropic V. The 
remaining cross-anisotropic parameter – Fν – was set equal to Eν / (1+ν). With these additional 
assumptions, the cross-anisotropic characterization of granular and subgrade materials was 
specified by values for Eν and V. Isotropic properties were considered to be appropriate for 
asphalt and cemented materials (Austroads, 2004). Unbound granular pavement materials such 
as graded crushed rock base course and natural gravels require special attention because their 
elastic stiffness depends on stress state at each point in the material. The layered elastic model 
cannot fully deal with stress dependence. This is the important limitation of the method that 
elastic moduli must be constant within each horizontal layer. Stress diminishes with distance 
from the wheels so the modulus will also change with distance from the wheels, both in the 
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horizontal and vertical directions. However, the layered elastic model can take stress-dependence 
into account to some degree by dividing granular layers into sublayers and assigning moduli to 
each sub layer. This allows the modulus to change with depth. CIRCLY automatically 
subdivides granular layers and assigns moduli in accordance with the method specified in the 
Austroads pavement design Guide.  
 
 
Figure 2.14: Cumulative Damage Factor Graph (Austroads, 2004) 
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 Figure 2.15: 2- Dimensional Contour Plot of Strain (Austroads, 2004)  
  
 
 
 
 
  
 
 
 
          
Figure 2.16: 3- Dimensional plot of Strain (Austroads, 2004) 
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3.  Methodology 
3.1.  Material used for the Research 
A triaxial compression test is more sophisticated test equipment for determining stiffness, 
deformation and shear strength of unbound subgrade material. In general, these test results used 
as input to explore response of subgrade pavement material to stress. The main use of this 
repeated load triaxial test equipment was to determine mechanical properties of unbound 
pavement materials and to access suitability of physical test results for mechanistic Models. The 
capping layer material or unbound subgrade material was used for this research. The standards 
classified subgrade materials mostly into two; G7 and G20 depending on their strength or 
California Bearing Ratio (CBR value). Basically, this material had a CBR value of 16% as 
determined in laboratory.   Hence, unbound subgrade material sampled for this research from 
existing borrow pit of Shano Danaba gravel Road Construction project located in Oromia 
Regional State, North Shawa. And this project is located at 80km from Finfinne (Addis Ababa) 
City toward North Direction as indicated in Figure 3.1.  
3.2.  Material Location 
 Unbound pavement material used for this research was sampled from Shano Danaba unpaved 
road construction project located in Oromia Regional State, North Shawa.  The location of this 
sample was at station 0+000 offset 500m to left hand side of road under construction as indicated 
in detail Engineering Design Report of project soil investigation, borrow materials for 
embankment construction.  Strength evaluation of suitable borrow materials had been tied with 
test pits dug during subgrade soil investigation and obtained from laboratory tests as indicated in 
table A-10 . The material sampled for this research was disturbed and taken from existing borrow 
pit used previously by contractor.  
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Figure 3.1: Project Location Map (www.globalmapper.com) 
3.3.  In-Situ Sampling Method 
The borrow materials used for Shano Danaba Road Construction Project having different CBR 
values had shown in table A-10.  The borrow pit located at 0+000 offset 500m left hand side of 
this project was selected for this research work,  based on  minimum CBR value from the four 
utilized borrow pits. Depending on purposive sampling method this borrow pit was selected.  
Selecting a borrow pit with a minimum CBR value from the utilized borrow pits required a 
special judgment of sampling method. 
In-situ sample was required in this research, for taking disturbed sample from a borrow pit, at 
station 0+000 offset 500m to left hand side of road under construction, with vertical sides two 
meter square and which has been excavated in a natural deposit of soil by means of digging axle. 
Depth and area measuring tape , spade and materi material was utilized as subgrade material for 
a road under construction. A 40kg of  subgrade material was sampled for laboratory test. A 
visual inspection of test pit was taken place and sampling of material had al sampling bag used to 
sample subgrade pavement material  as shown in figure F-4. This sampled been done according 
to AASHTO material sampling techniques or disturibed sampling method . The material sampled 
from existing borrow pit was tested at the laboratory of Ethiopian Construction Design and 
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Supervision Work Corporation, Water and Energy sector located at Bole Subcity or near to 
Emperial Hotel in Addis Ababa City. The location of material and  detail of test equipments had 
represented in table A-10 and figure F-3 respectively.  
3.4.  Triaxial Sample Preparation 
The characterizations of material in physical tests in the laboratory were the main input 
parameters of this research. Variety of tests was carried out in laboratory to ensure that the 
material performs as intended for this research work. One of these tests was the gradation test 
that used to determine the distribution of UGM particles by size within a given sample. In this 
research, UGM size analysis was conducted according to AASHTO sieve size distribution that 
common used for test of unbound subgrade pavement material . The series of sieve sizes used for 
this research work were; 37.5mm, 25mm, 19mm, 16mm, 12.5mm 9.5mm 4.75mm and 2.36mm, 
1.18mm , 0.300mm ,0.150mm and 0.075mm with atterberg limit for material classifcation as 
indicated in table A-3,A-4 and A-5. 
Mostly the materials retained on these sieves 2.36mm, 1.18mm , 0.300mm ,0.150mm and 
0.075mm had utilized for triaxial sample prepartion of this research. Two kilogram of material 
sampled on these size required for triaxial sample preparation. The apparatus used for this 
sample preparation and test procedure of particle size analysis had done according to AASHTO 
materials test specification in the laboratory as represented table A-1. The laboratory test 
performed to determine the relationship between moisture content and dry density of subgrade 
materials sampled from the site as indicated A-2. The laboratory employed compaction test using 
Proctor method. AASHTO T99 method used to determine the maximum dry density and 
optimum moisture content of subgrade materials as in shown in figure F-1. The density ratio of 
specimen should be related to density normally achieved in field. Normally three specimens 
prepared and tested at Optimum Moisture Content and Maximum Dry Density (MDD) obtained 
in laboratory. The size of specimen used for this research was 38 mm in diameter with a height 
of 76 mm prepared in the laboratory for conducting Repeated Load Triaxial Test as shown in 
figure F-4 in appendix. The material was compacted according to standard Proctor compaction 
method, in a split cylinder lined with a rubber membrane usually up to a level corresponding to 
standard compaction energy.  
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3.5.   Testing Equipment 
The sample prepared was tested in triaxial testing apparatus suitable for specimen 38 mm 
diameter and 76mm high with a working pressure of 3000KPa.  Dynamic loading equipment 
capable of applying a vertical dynamic force and a static confining pressure via the air in the 
triaxial cell and Load and pressure measurement devices to measure vertical dynamic force and 
static confining pressure and devices to measure vertical displacement of sample. Apparatuses 
used for this research ; hammer, split mould, and sealing membrane, triaxial cell, and vertical 
load actuator and stand, and small air pressure cell as shown in figures 3.2.  
  
Specimen in triaxial cell Triaxial Test  Equipment 
   
Figure 3.2:  Triaxial Test Equipment at laboratory of ECDSWC 
These procedures were used to test the specimen prepared for this research in triaxial test  
1.   Place triaxial cell with the specimen inside it on the platform of the compression machine. 
2.   Make proper adjustments so that the piston of the triaxial cell just rests on the top platen 
of the specimen. 
3.  Fill the chamber of the triaxial cell with water. Apply a hydrostatic pressure, σ3 to the 
specimen through the chamber fluid. All drainage to and from the specimen should be 
closed now so that drainage from the specimen does not occur. 
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4.   Check for proper contact between the piston and the top platen on the specimen. Zero the 
dial gauge of the proving ring and the gauge used for measurement of the vertical 
compression of the specimen. Set the compression machine for a strain rate of about 
1.5mm per minute, and turn the switch on. 
5.     Take initial proving ring dial readings for vertical compression intervals of 0.01 mm. 
This interval can be increase or more later when the rate of increase of load on the 
specimen decreases. The proving ring readings will increase to a peak value and then may 
decrease or remain approximately constant. Take about four to five readings after the peak 
point. 
6.   After completion of the test, reverse the compression machine; lower the triaxial cell, and 
then turn off the machine. Release the chamber pressure and drain the water in the triaxial 
cell. Then remove the specimen and determine its moisture content. 
3.6.   Modeling Method 
The responses to stress of pavement layers strongly influenced in moving loads on the pavement 
surface and play a very important role in determination of damage factor of pavement layers 
during design process. The layered elastic model or CIRCLY was used to determine pavement 
layer responses to stress. The development of CIRCLY was based on layered elastic system 
(Gerrard, 1969). CIRCLY is used to explore different circular loadings on pavement surface. The 
acronym of CIRCLY came from circular loads (circular contact area) and layered systems. CIRC 
was the short form of Circular loads and LY was an abbreviation for layered Systems. 
These models can easily be run on personal computers and required data that easily obtainable. A 
layered elastic model used to analysis engineering problems, namely stresses, strains and 
deflections at any point in a pavement structure resulting from application of a circular load. This 
model was basically developed for pavement structural modeling. The analytical solutions for 
the stresses, strains and displacements are given by integral transform methods (Wardle, 1977a). 
This mechanistic model required mathematical models to analysis pavement responses to surface 
loadings. Although, there are different functional models utilized for pavement structural 
modeling.  These function models are layered elastic model (Gerrard, 1969) and finite elements 
model (FEM) typically used in pavement structural analysis and design.  These models can 
easily be run on personal computers and required data that easily obtainable. A layered elastic 
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model used to analysis engineering problems, namely stresses, strains and deflections at any 
point in a pavement structure resulting from application of a circular load. 
CIRCLY was used to calculate the load-induced stresses, strains and displacements at any 
selected points in the layered system. Subgrade material and subgrade soil have anisotropic 
material properties, asphalt and cemented materials comprise isotropic properties.  The interfaces 
between the layers can be either fully continuous (rough) or fully frictionless (smooth), or a 
combination of both types. From a practical standpoint the response of actual pavement 
interfaces will be somewhere between these theoretical limits. The fully continuous case is 
always assumed for pavement design. Thus, it was essential to use layered elastic system to 
determine critical stress, strain and deformations in pavement layers. Hence, this modeling 
method was used for this research to explore responses of unbound subgrade pavement material 
to stress. 
3.7.  Data Analysis and Presentation 
To make complete the primary data, the review of secondary material was used to make more 
rational thesis work. Materials from scholarly output literatures such as theses, edited books, 
Engineering Journal Articles, dissertations and pavement design guides were reviewed during 
thesis work to generate data analysis models. Data analysis and presentation was done in 
quantitative methods. This quantitative method was used for data analysis and presented in tables 
and figures of this research. Data analyzing models used for this research illustrated as pursue.  
Data obtained from the laboratory experiments and in-situ were used for this research work. 
These data were represented in tables A-1 to A-9  and A-10 to A-12 in appendices section of this 
research.  These primary data had analyzed in models or equations shown in table 3.1. The 
layered elastic model required input data that significant to  model pavement responses. These 
input data analyzed  in correlation and  anisotropic models represented in table 3.2. The output of 
layered elastic model represented in graphicals and numericals.This output represented in 
graphical was used to analysis the results obtained in discussion section of this research. These 
results were appropriately utilized during design of the pavement structures. These results were 
pavement layers; deflections, strains and stresses occurred from the traffic loadings. The damage 
of the pavement was estimated in damaging models represented in a table 3.2 or equations 18 
and 20.  
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Models used to analysis data obtained from laboratory 
Models Description Models Equation No. 
Initial area of specimen 
 
 
(4) 
Corrected Area 
 
(5) 
Moisture Content 
 
 
(6) 
Vertical strain 
 
(7) 
Horizontal strain 
 
(8) 
Poisson’s Ratio 
 
(9) 
Deviator Stress 
 
(10) 
Major Principal Stress 
 
(11) 
Modulus of Elasticity 
 
(12) 
Maximum Shear Stress 
 
(13) 
Cohesion and Angle of 
Internal Friction(c, φ) 
 
 
(14) 
 
Table 3.1: Models used to analysis data obtained from laboratory (Braja M. Das, 2002) 
 
 
 
32 
 
Table 3.2: Models used to analysis data (Austroads 2004 and NCHRP 1-37A, 2004) 
Models Description Models Equation No. 
Californian Bearing Ratio to 
stiffness 
 
(15) 
 Moduli (E) 
 
 
(16) 
Poisson’s Ratio (V) 
 
(17) 
Shear Force(FS) 
 
(18) 
Number of repetitions to 
failure (N) 
 
(19) 
Cumulative  Damage Factor 
(CDF) 
 
(20) 
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4.  Results and Discussion  
This chapter presented the experimental test result obtained from laboratory and layered elastic 
system simulation to characterize properties and responses of unbound subgrade material to 
stress.   
4.1.  Physical Test Results 
The classification of subgrade material was carried out in laboratory. This process was used to 
analysis grain size and determination of Atterberg limits.  Six hundred thirty nine gram of 
material utilized to characterize grain size as represented in figure 4.1 and table A-3, however 
28.57% of this material passed 0.075mm sieve size.  This material also had liquid limit and 
plastic index of 42% and 18% as indicated in table A-4 and A-5 respectively. According to 
AASHTO general classification, the material that passed 0.075mm sieve size with less than or 
equal to 35% of total weight, then, with minimum of liquid limit 41% and minimum plasticity 
index  11% is considered as a granular materials. This shown us; the material under study was 
granular material.  Subsequently, this material was classified as A-2-7 or silty or clay gravel as 
represented in table C-1 of AASHTO material classification.   
Material under study that passed 4.75mm sieve size and retained on 2.36mm, 1.18mm, 0.300mm, 
0.150mm and 0.075mm was used for specimen preparation at laboratory of this research. More 
than 50% of sampled material was passed 4.75mm sieve size. This shown that the specimen 
prepared for triaxial test was appropriately represent the sampled material as indicated in table 
A-3.  
The natural moisture content of subgrade material sampled for preparation of triaxial sample was 
determined in laboratory. This determined moisture content (w) of sampled soil was 11.47% as 
indicated in table A-1. Two kilogram of subgrade material used to prepare three specimens for 
triaxial test. The difference between optimum moisture content and sample moisture content 
used to prepare these triaxial specimens. 
The preparation of triaxial sample was done at the laboratory. The sample prepared at optimum 
moisture content and maximum dry density at standard compaction method. The sample 
prepared for triaxial test represented subgrade material sampled at road construction project. The 
OMC and MDD of sample 28.1% and 1496KN/m3 as shown in figure 4.2 and table A- 2 
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respectively. Although, this research test results had certain differences to in-situ test result. This 
was shown that, there was difference in material size used at in-suit and laboratory. As material 
size decreased OMC increased and MDD decreased. This shown as that changing size of 
material was affecting its property.   
 
Figure 4.1: Particle Size Distribution Curve of Subgrade Material 
 
Figure 4.2: Optimum Moisture Content and Maximum Dry Density  
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4.2.    Mechanical Test Results 
4.2.1.   Stiffness of the Material 
Repeated load triaxial test was conducted for subgrade material in laboratory; mainly for 
subgrade material having minimum CBR value seven percent (15%) sampled from borrow pit.  
The triaxial tests were conducted at 100KPa, 200KPa and 300KPa cell confining stresses for 
three specimens prepared. These cell confining stresses were used to pressurize water in triaxial 
cell. This water was used as cell stress when pressurized by air. These stresses and strains were 
calculated from test results obtained in laboratory as presented in table A-6, A-7 and A-8. These 
measured stresses and strains from test results were represented in figure 4.3 for samples 
conducted at different cell confining pressures. These specimens were failed at their maximum 
deviator stress. These shown that deviator stress on specimen increased as cell confining pressure 
of increased. Basically, as cell confining pressure increased the modulus of elasticity of materials 
also increased, meaning cell confining pressure directly proportional to stiffness of materials as 
shown in table 4.3. As the magnitude of load level increased the modulus elasticity also 
increased upto ultimate stage and reverse to decrease its stiffness until it get to fail. This shown 
that material had supported the stresses lower than the maximum stress.  Additionally, three 
specimens were tested at same optimum moisture content and MDD to support stresses imposed 
on it. But, these specimens were failed at different stress level in laboratory. This was to show 
that total stress and stiffness of the materials were directly proportion to each other. The diagram 
4.4 has used to represent the stiffness and strain of material. The modulus of elasticity of given 
material had a linear slope at the first straining stage of specimen or stresses and strains were 
proportional to each other. And this stiffness used as inputs of layered elastic model.     
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 Figure 4.3: Stress-Strain Curve of specimens in different cell stresses 
  
 
Figure 4.4: Stiffness of the Material 
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Summarized Test Results of Subgrade Material 
 
No. 
Specimen 
Deformation 
= ∆L(mm)          
(3) 
Vertical    
strain            
ε = ∆L/Lo                                                           
Axial 
load            
(p ),N           
Cell 
Confining 
Pressure           
(σ3),Kpa 
Deviator 
Stress 
(σd),Kpa
Total 
Stress 
(σ1) 
,Kpa 
P                     
(σ1+σ3)/2 
q                   
(σ1 - σ 3)/2 
Stiffnes
s (Kpa) 
Test 1 15.00 0.1974 15 100 107 207 154 54 544 
Test 2 25.00 0.3289 23 200 135 335 267 67 409 
Test 3 16.00 0.2105 24 300 166 466 383 83 788 
 
Table 4.1: Summarized Test Results of Subgrade Material. 
4.2.2.   Shear Strength 
 Shear strength calculated from test results of subgrade pavement material at laboratory as shown 
in appendices section table A-6, A-7 and A-8. Summarized test results of subgrade material 
represented in table 4.1. These summarized results represent maximum strains and stresses at 
samples failed. These measured shear strength represented by stress path in figure 4.5 and A-1 
for three specimen of different cell confining pressure at 100KPa, 200KPa and 300KPa 
conducted in triaxial test. And these diagrams and tables also used to represent shear angle and 
cohesive property of material and state of stresses.  The cohesive and internal friction angle of 
this material calculated using stress path equation represented appendix E. In applying this 
equation in table A-9 shear angle and cohesive property of this material determined as 
represented in table A-9. Angle of internal friction and cohesive determined used to increase 
shear strength of subgrade material as indicated figure 4.5 and A-1. Shear strength of this 
material determine in equation indicated in table A-9. This material shear strength increased as 
normal stress increases as indicate in figure 4.5. In this research, the Mohr coulomb failure 
criterion used to determine maximum shear strength and stress that this material can withstand 
without failure under normal stress. This to show that increasing the normal stress of material 
can increase shear strength of required subgrade material. Material under this research failed at 
its maximum shear strength equal to its shear stress.  
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Figure 4.5: Triaxial test results represented on Stress Path Curve. 
5.3.3    Specimen Strain Character 
The strains were calculated from the test results of subgrade pavement materials in laboratory as 
indicated in table A-8. These measured strains from the test results were represented graphically 
in figure 4.6 for a sample of maximum cell confining pressure or 300KPa conducted by triaxial 
test; this diagram was used to represent the response of a specimen during loading. When the 
specimen loaded the change in length was taken place. As the magnitude of deviator stress 
increases the change in length of the material was increased. This was shown that as the 
magnitude of load increased the straining character of the materials also increased. The Poisson’s 
ratio of the subgrade material obtained from the laboratory test at the three cell stresses of 
100KPa, 200KPa and 300KPa were 0.35 and 0.44 as determined in table 4.3. 
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Figure 4.6: Stress - Strain Curve shown straining character of the Material 
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4.3.  Pavement Responses Modeling 
4.3.1.   Pavement Model Inputs  
The following input parameters required to explore responses of unbound pavement material to 
stress; 
1.  Unbound subgrade materials considered as anisotropic in Layer Elastic Model that have 
different properties when measured in different direction. Consequently, anisotropic 
property required for this research. Subgrade materials cross-anisotropic parameters 
namely vertical modulus, horizontal modulus and Poisson’s ratio, and shear force 
determined in equations (14), (15) and (16) as indicated in table 3.2. Young modulus of 
subgrade material obtained from the laboratory was determined using in equation (12) 
represented in table 3.1 and calculated in table A-6. Subsequently, CBR value correlation 
required for determination of stiffness of wearing course and subgrade soil using equation 
(15) in table 3.2. Accordingly, three CBR values used for determination of input 
parameters to explore responses of unbound pavement material in layered elastic system 
described as pursued.  
a) Subgrade soils having an average CBR value 4%  was required along route of 
project as shown in table A-9. 
b) Minimum an average CBR value 15% of subgrade material used along route of 
project as shown in table A-10.  
c) Minimum an average CBR value 30% of pavement material used along route of 
project as shown in table C-2.  
Based on the above three parameters, the vertical stiffness of pavement materials 
correlated using equation (15) as shown in table 3.2. 
                                                                                                           (15) 
               CBR = 4%, E= 17.6(4)0.64  =  40MPa 
               CBR=15%, E= 17.6(15)0.64   = 100MPa 
               CBR =30%, E= 17.6(30) 0.64  = 150M Pa 
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Input parameters, namely vertical moduli, horizontal moduli and ,poisson’s ratio and shear force  
required for modeling of unbound pavement material. The models used to determine these input 
parameters of unbound pavement materials had shown in table 3.2 of this research. 
Subsequently,these input parameters calculated as pursued and summarized in table 4.3.  
a) Input parameters of wearing course calculated using equations (16),(17) and (18) 
             (16) 
                 Ev = 2Eh, Ev =150MPa, 
                 Eh = 150/2= 75MPa 
                   Vh=Vv= 0.35,taken from Austroads 2004                                                   (17) 
                   F= Ev/(1+v) = 150/(1.35)= 111MPa     (18) 
b)     Input parameters for subgrade material determined at laboratory  
                     Ev = 2Eh, Ev =100MPa,                                                                     
                   Eh = 100/2= 50MPa 
                   Vh=Vv= 0.45 , determined at laboratory as shown table in  4.3                                         
                    F= Ev/(1+v) = 100/(1.45)= 69MPa               (18) 
c) Input parameters for subgrade soil 
                    Ev = 2Eh, Ev = 40MPa, 
                    Eh = 40/2= 20MPa 
                    Vh=Vv= 0.45,taken from Austroads 2004 
F= Ev/(1+v) = 40/(1.45)= 28MPa          
2. Responses of the pavement are analyzed in layered elastic model, namely the computer 
program CIRCLY 5.1 edition.  
3.  Standard axle loading consists of a dual-wheeled single axle, applying a load of 80KN 
considered on this gravel pavement as indicated figure C-4. 
4. Standard Axle loading is represented by four uniformly-loaded circular areas of equal 
area separated by centre-to-centre distances of 330 mm, 1470 mm, and 330 mm 
respectively used as illustrated in figure 4.9 and C-4. 
5. The contact stress is assumed to be uniform over the wheel contact area and, for this 
study 750 KPa required for inputs of CIRLY. The contact stress is related to the tyre 
pressure which is assumed to be in the range 500KPa – 1000KPa for highway traffic 
(Austroads, 2004). 
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The Poisson’s ratio of unbound pavement material used for this research had determined at the 
laboratory. The following procedures utilized to characterize vertical and horizontal dimensional 
change of the samples. Initially, measuring and recording the vertical and horizontal sizes of 
samples before triaxial test had conducted in different cell confining stresses. After triaxial test 
had conducted, vertical and horizontal sizes of the samples measured in measuring devices at 
laboratory. From these characterizations, the change in vertical and horizontal dimensions of the 
sample determined. This characterization of sample was significant to attain lateral and vertical 
strains. The Poisson’s ratio of the sample estimated from lateral strain to vertical strain of the 
samples using equation (7), (8) and (9) as indicated in table 3.1.  Different Poisson’s ratio; 0.35, 
0.44 and 0.50 obtained at 100KPa, 200KPa and 300KPa of cell confining stresses respectively, 
though, average of three was 0.45 as represented in table  4.2 and  it required for input parameter 
of CIRCLY. 
Poisson's Ratio determination at the laboratory 
Cell stress 
at 100KPa 
Vertical 
strain 
Original height(Ho),mm 76 
Chang height, mm 20 
Vertical strain (εV) 0.26 
Horizontal 
strain 
Original Diameter(Do),mm 38 
Total length, mm 41.5 
Chang length, mm 3.5 
Lateral strain( εL) 0.09 
Poisson's Ratio=εL /εV 0.35 
Cell stress 
at 200KPa 
Vertical 
strain 
Original height(Ho),mm 76 
Chang height, mm 26 
Vertical strain (εV) 0.34 
Horizontal 
strain 
Original Diameter(Do),mm 38 
Total length, mm 43.7 
Chang length, mm 5.7 
Lateral strain( εL) 0.15 
Poisson's Ratio=εL /εV 0.44 
 
Table 4-2: Subgrade Material Poisson’s Ratio determination at laboratory 
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 Figure 4.7: Pavement Model for Mechanistic Design Method of Gravel Road 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.3: Summarized Input Parameters for Layered Elastic Model 
Layers Input Parameters Value 
Wearing Course 
Vertical stiffness (MPa) 150 
Horizontal  stiffness (MPa) 75 
Poisson’s Ratio 0.35 
Shear stress (MPa) 111 
Subgrade Layers 
Vertical stiffness (MPa) 100 
Horizontal  stiffness (MPa) 50 
Poisson’s Ratio 0.45 
Shear stress (MPa) 69 
Subgrade Soil 
Vertical stiffness (Map) 40 
Horizontal  stiffness (MPa) 20 
Poisson’s Ratio 0.45 
Shear stress (MPa) 28 
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4.3.2.   Pavement Responses  
CIRCLY was used for this research to model the response of unbound pavement material to 
stress. CIRCLY uses inputs features to model these responses. These input parameters were 
described in detail in pavement model inputs section. Then, these parameters used for layered 
elastic model to analysis the critical responses of this pavement. The deflections, strains and 
stresses of pavement layers as well as damage of pavement structures were critical responses 
explored under this research. 
In this research, the main purpose of pavement responses analysis is to determine stress, strain 
and deformation of pavement structures due to applied loads. These applied repeated loads were 
taken as a cause of compression and tension in layers of pavement. This compression at upper 
and tension at lower of pavement layers brought up change in depth in pavement structure. This 
change in depth is considered as deflection of layers as analyzed from the model output. The 
Maximum vertical deflection of this pavement layer during loading time was found at center of 
wheel contact area as shown in figures 4.8. The deflection of pavement layers was increased 
from outer to center of wheel contact area as indicate in figure 4.8b. Deflection of pavement 
surface reduced away from wheel contact area in both vertical and horizontal directions as 
represented in this figures. 
In analysis of pavement responses to stress, the vehicular movements on pavement surface would 
be always expected in order to form various values of compression and tension strain in 
pavement layers depending on locations of load intensities. In short, the compressive strain was 
found at the top of unbound pavement and subgrade layers  with different value of load intensity 
based on distance from wheel contact area on pavement surface. The load intensity at wheel 
contact area is not the same as to some distance from the wheel contact area. High load intensity  
was found at center of wheel contact area.  This to show that critical strain obtained in subgrade 
pavement layers are diminished in distance away from vehicular wheel contact area in pavement 
layers in both horizontal and vertical directions as represented in figure 4.9b . As indicated in 
figure 4.9, the critical vertical strain during loading of the pavement was found at wheel contact 
area. Strains in pavement layers increased from outer to center of wheel contact area and the 
maximum value of critical strain obtained from this analysis was  indicated in figure 4.9. 
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In addtion to normal strain, the shear strain of unbound pavement layers was analyzed under this 
study. The shear strain intensity location on the pavement surface  was identified at two sides of 
wheel contact area,but not at center of wheel contact area as analyzed in layered elastic model 
and indicated in figure 4.10.  As represented in figures 4.10 , the maximum shear strain of the 
pavement layer was found at the two sides of wheel contact area. The shear strain in pavement 
layers was increased from the outer and inner to two sides of the wheel contact area as indicate in 
figure 4.10 and the maximum value of shear strain represented in this figures. This maximum 
value of shear strain obtained from this analysis was 0.0022. This to show that critical shear 
strain responses obtained in subgrade pavement layers are diminished in distance away from 
center of two sides vehicular wheel contact area on pavement surface in both horizontal and 
vertical directions.   
 
Figure 4.8(a): Deflection of pavement Layers in 2D 
Figure 4.8(b): Deflection of pavement Layers in 2D. 
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Figure 4.9(a): Strain in Pavement Layer in 2D. 
 
Figure 4.9(b): Strain in Pavement Layer in 3D 
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Figure 4.10(a): Shear Strain in Pavement Layer 2D 
 
Figure 4.10(b): Shear Strain in Pavement Layer 3D  
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4.3.3.   Stresses in Pavement Layers  
There are two stresses acting in pavement layers; the compressive stress or contact stress or 
wheel stress which acts perpendicular to pavement surface and shearing stress which acts parallel 
to pavement layers. Standard axle loading used for layered elastic model to be represented  in 
four uniformly loaded circluar area was acting perpendicular to pavement surface as described in 
model input parameters section. The stresses in pavement layers are formed from the vehicular 
axle load. This vehicular load on single  axle distributed to dual wheeled and transferred to 
pavement surface at circular area. The load of vehicle per conatct area considered as stress 
transferred to pavement surface in different values based on the distance or radius from the 
center of wheel contact area. This stress intensity diminished or increased depend on the radius 
from the center of wheel load as represented in figures and tables generated from this model 
output. Bassicaly as represented in figure 4.11, the maximum contact stress was found at wheel 
contact area . The contact stress in the pavement layers was increased from outer to center of 
wheel contact area. And this contact stress are diminished in distance or radius away from 
vehicular wheel in pavement layers in both horizontal and vertical directions. The maximum 
value of vertical compressive stress at center of wheel contact area was 750KPa, but as it away 
some distance from this contact area  the value of stress reduced. This is because of stress 
intensity depend on the distance or  radus in both verical and horizotal direction as represented in 
figure 4.11 . This stress was equal to the wheel contact stress used as an input feature of 
CIRCLY. 
In addtion to the vertical stress analyzed in this section, there was a hozizontal stress created 
along horizotal direction of pavement surface. This stress considered as shear stress moves along 
the direction of motion of  vehicle in forward and backward based on vehicle wheel. This stress 
or shear stress intensity also depended on the distance or radius from wheel contact area. This 
stress reduced in distance away from the center of wheel contact area. Generally, as represented 
in figure 4.12, the maximum shear stress in pavement layer was located at vehicle wheel contact 
area. This shear stress in pavement layers was increased from outer to center of wheel contact 
area. The maximum value of shear stress obtained from this analysis was 160KPa, but as it away 
some distance from this center the value of stress reduced, this is because of stress intensity 
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depend on the distance or  radus as indicated in figure 4.12. And this shear stress diminished in 
distance away from vehicular wheel contact area in both directions.  
Third response of pavement analyzed under  this research and model output was strain energy in 
pavement structure.  The axle load of vehicle transferred to the pavement through wheel contact 
area. This load of vehicle per contact area considered as stress transferred to pavement surface in 
different values based on the distance or radius from the center of wheel contact area. This stress 
in pavement layer created deformation of pavement structure. The product of axle load and 
deformation of pavement layer formed strain energy in the pavement layers. In a short 
descrption, Strain Energy in the pavement was induced due to the axle load and deformation 
formed. The product of axle load or exteral applied load (stress multiplied by area) and 
deformation is the internal work done in pavement layers. This work was stored as deformation 
of internal elastic energy or strain energy. Entirely, as shown in figure 4.13, the maximum strain 
energy of vehicle wheel was found at wheel contact area. This strain energy in the pavement 
layers was increased from outer to center of wheel contact area and the maximum value of 
vertical strain energy is described in graph 4.13.  And this strain energy diminished as stress 
diminished in distance away from vehicular wheel contact area in both horizontal and vertical 
directions. This strain energy in pavement layers was increased from outer to center of wheel 
contact area. The maximum value of strain energy obtained from this analysis was 0.0220, but as 
it away some distance from this center the value of strain energy reduced, this because of stress 
intensity depend on the distance or  radius from wheel contact area. 
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 Figure 4.11(a): Stress in Pavement Layer 2D 
 
Figure 4.11(b): Stress in Pavement Layer 3D 
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 Figure 4.12(a): Shear Stress in Pavement Layer 3D 
Figure 4.12(b): Shear Stress in Pavement Layer 3D 
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Figure 4.13(a): Strain Energy in Pavement Layer 2D 
 
Figure 4.13(b): Strain Energy in Pavement Layer 3D 
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4.3.4.   Pavement Deformations  
In pavement design moving vehicular load on surface of pavement usually transferred through 
dual wheeled to subgrade soil at much wider area. This system usually needs a thick pavement 
layer in order to reduce intensity and distribute uniformly vehicular load at wider area on lower 
pavement layer to resist excessive deformation of subgrade soil. This deformation in mechanistic 
pavement design can be classified in two based on the condition of loading time. These 
deformations are recoverable and permanent. The recoverable deformation was directly related 
to the presence of moving load on pavement surface meaning as moving load present on 
pavement surface the deformation pavement taken place as moving load removed from the 
pavement the deformed layer certainly recovered, but the unrecovered part of the pavement due 
to this moving load is considered as permanent deformation. This is shown that some stress 
remained in material inform of residual stress. These two strains induced from traffic loading as 
represented in diagram 4.14(a), these strains are recoverable and permanent; the most strain 
induced is recoverable strain, but all vertical strain induced by contact stress is not recoverable 
after many load repetitions, the permanent strain accumulated at subgrade level and these 
permanent strain accumulation produce rutting in the pavement. This vertical compressive strain 
at the top of subgrade is taken as determinant for surface rutting in unbound portions of the 
pavement structure. The maximum recoverable strain from this diagram was 1.68 while the 
maximum non recoverable strain was 0.58 as indicated in figures generated from the model 
output. Entirely, as represented in graph 4.14(a), the maximum resilient strain during loading 
time wheel was found at center wheel contact area. This resilient strain on the pavement layers 
was increased from outer to center of wheel contact area and the maximum value of resilient 
strain was shown in this figure. And this resilient strain diminished in distance away from 
vehicular wheel contact area in loading time in both horizontal and vertical directions. 
4.3.5.  Pavement Damage  
In mechanistic pavement design method the damaging factor of the pavement layers estimated 
based on repetition of standard axle load and vertical strain or permanent deformation. In 
empirical pavement design damaging factor of pavement layers was not predictable, but all 
damages of pavement layers under this study estimated in mechanistic pavement design method. 
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In this research damaging factor of this gravel pavement estimated in using the layered elastic 
model which used to represent damage in numerical and graphical. This model also required 
formulas to calculate damaging factor in equation represented in appendix E. Generally, layered 
elastic model used under this study estimated the cumulative damage factor of subgrade soil and 
subgrade layers of pavement. The output of this model represented in graphical in figure 4.14(b) 
and 4.14(c).  The cumulative damage factor of subgrade soil layer under study was 0.0096 and 
the cumulative damage of subgrade material layer was 0.79. This value was obtained from the 
CIRCLY model output or from the equation (19) as indicated in table 3.2. The maximum of the 
two was taken as cumulative damage factor. Thus a cumulative damage factor of this pavement 
was 0.79 as shown in table 4.4.  
Based on output layered elastic model, Austroads 2004 is presumed that the pavement have 
reached its design life when the cumulative damage reaches 1.0. If the cumulative damage is less 
than 1.0 the system has excess capacity and the cumulative damage represents the proportion of 
life consumed. If the cumulative damage is greater than 1.0 the system is predicted to ‘fail’ 
before all of the design traffic has been applied.  
Therefore, the critical cumulative damage factor of this pavement under study was less than 1.0. 
This is shown that this pavement has excess capacity and the cumulative damage represents the 
proportion of this pavement life used by design traffic.  
As represented in graph 4.14(b) and 4.14(c), the maximum critical cumulative damage factor of 
this pavement was found at center of wheel contact area. This critical cumulative damage factor 
on the pavement layers was increased from outer to center of wheel contact area and the 
maximum value of resilient strain was shown in this figure. And this critical cumulative damage 
factor diminished in distance away from vehicular wheel contact area in both horizontal and 
vertical directions. 
Material Vehicle Type Damage Factor Critical Strain 
Maximum of 
total 
damage 
Subgrade Pavement 
Materials =15 
ESA750-
Full .79218E+00 0.10586E 02 0.79 
Subgrade, CBR4, Anis ESA750-Full .96136E-02 0.56366E-03 9.61E-03 
Table 4.4: Maximum damage values for each vehicle type of CIRCLY output  
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Figure 4.14(a): Recoverable and Permanent Strain of pavement 
 
 Figure 4.14(b): Cumulative Damage Factor of subgrade material 
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Figure 4.14(c): Cumulative Damage Factor of subgrade soil 
In addition to determining the cumulative damage factor, the significance of determining 
different stresses and strains are used to;  
1.  Determine the critical stress and strain with their locations from these different stresses 
and strains during pavement design process. 
2. Require different stiffness (deformation characteristics) of pavement materials for 
stability of various pavement structural systems for different stresses and strains 
condition in various directions.  
3. Consider internal resistance for pavement structures to resist pavement failure and sliding 
along any section inside it.  
4. Help to consider different stresses and strains as there are different pavement design 
factors for most reliable pavement design. 
       
 
57 
 
5.   Conclusions and Recommendations   
5.1.   Conclusions  
Unbound subgrade pavement materials with minimum CBR value greater than fifteen percent 
used to conduct this research. This material sampled in purposive sampling techniques from 
existing borrows pit located along the project rout. The size of sampled material determined in 
laboratory using AASHTO series of sieve size and materials passed 4.75mm and retained above 
0.075mm sieve sizes used for triaxial sample preparation. Maximum dry density and optimum 
moisture content of this sample determined in proctor compaction method at laboratory.  This 
triaxial sample has a size of 38 mm in diameter with a height of 76 mm prepared in laboratory to 
conduct Repeated Load Triaxial Test. 
The sample prepared in laboratory was tested in triaxial equipment in applying vertical dynamic 
load and static confining stress through air in triaxial cell with load, pressure and vertical 
displacement measurement devices; namely ring and dial gauges. This material test result was 
used as input for layered elastic model.  Layered elastic model used to explore unbound subgrade 
material responses to axle loadings. This layered elastic model works by integral transform 
method and calculate stress, strain and deflection in pavement layers. 
Test results obtained at laboratory represented in tables and figures of this research. These 
laboratory results analyzed and discussed using stress stain relationships and stress path method. 
Stress strain relationship used to represent stiffness of material sampled at in-situ. Stress path 
method represented triaxial test result obtained at laboratory in graph. This stress path method 
used to connect points on Mohr circles to form failure envelope line. These points on Mohr 
circles illustrated maximum shear stresses and maximum shear strength of triaxial samples. 
Using these methods of analysis stiffness, shear and Poisson’s ratio of the subgrade material 
determined for model inputs parameters.   
CIRCLY, layered elastic model required to explore responses of unbound pavement material. 
This model utilized different inputs for simulation of pavement layer responses to axle load. The 
following input parameters used for CIRCLY; material properties, pavement layers, minimum 
CBR value of material in stiffness form and standard axle load, load distribution and contact 
stress. Material stiffness obtained at laboratory was used as input of this model. Consequently, 
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this research used minimum stiffness value of gravel wearing from standard for input of 
CIRCLY. Whereas, others input parameters of this software were used from Austroads 
mechanistic design standard. Furthermore, using this layered elastic model for simulation of 
pavement layers the following results obtained.  
1. Maximum vertical deflection of pavement layer at loading time was found at wheel 
contact area and deflection of pavement layers increased from outer to center of wheel 
contact area, but it reduced away from wheel in both vertical and horizontal directions. 
2. The critical strain responses obtained in subgrade pavement layers diminished in 
distance away from vehicular wheel in both horizontal and vertical directions. Critical 
vertical strain at loading time on pavement surface was found at wheel contact area. 
And strains in pavement layers increased from outer to center of wheel contact area.  
3. Maximum shear strain of pavement layer was found at the two sides of wheel contact 
area. And shear strain in pavement layers was increased from outer and inner to two 
sides of wheel contact area. 
4. Maximum contact stress was found at wheel contact area. And contact stress on 
pavement layers was increased from outer to center of wheel contact area, but this 
contact stress are diminished in distance away from vehicular wheel in pavement layers 
in both horizontal and vertical directions. 
5. The maximum damages value of pavement layers was taken as critical cumulative 
damage. The maximum of the two was taken as critical cumulative damage. Thus 
critical cumulative damage of the pavement was 0.79.  Hence, the cumulative damage 
factor of pavement was less than 1.0 .This shown that this pavement has excess 
capacity to sustain design traffic.  
In this conclusion, layered elastic model explored responses of unbound pavement material to 
stress in form of pavement layers deflection, strain and shear and, predict pavement layers 
cumulative damages.   
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5.2.  Recommendations  
Based on conclusion of this research two attributes will be recommended for utilization and 
further research. ERA pavement design guide used  throughout the country as pavement design 
stanadrd. This stanadrd needs response based pavement design method namely mechanistic 
pavement design guide that significant to analysis responses of pavement layers to stress. This 
response based pavement design method used  softwares particularly layered elastic model and 
Discrete Element Modeling. As a result, this standard needs to embrace this numerical 
simulation models. Pavement  layers damage estimation models will need to be recommended 
for this standard  pavement design guide. Additionaly, the models input data for unbound 
pavement materials specially stiffness and shear test specification will need to be included in this 
pavement design guide.  
For researchers, now a day mostly pavements designed in empirical way that could not 
determine pavement layers response to stress in numerical analysis. Mechanistic pavement 
design method used as an option to solve gaps of empirical pavement design. Responses of 
unbound pavement material to stress determined in three ways; namely, theoretical analysis, 
physical test and numerical simulation (Cundall and Strack, 1979a). These three parameters used 
to investigate response of granular materials with their own limitations; the theoretical analysis is 
used for analytical model based on uniform size granular materials but, it has gaps on loading 
path and particle shape. A physical test is time – consuming to determine contact forces, 
displacements and rotations. The numerical simulation method is the most powerful way of 
modeling behaviour of granular assemblies due to its flexibility in application of loading paths, 
granular shape, particle parameters and boundary condition as well as data acquisition at any 
stage of test.  
In study of behavioral condition of granular material,  discreteness of particles and force of 
transmission between particles at contact points make complex constitutive relationship of 
granular material. Additionally, the stress existing inside sample was difficult to measure in a 
traditional laboratory test. These behavioral constraints of granular material were determined 
through an alternative boundary condition. From these point of view,  numerical simulation 
selectable to characterize  response of unbound pavement material for this recommendation of 
future research , due to its flexibility in application of loading paths, granular shape, particle 
parameters and boundary condition as well as data acquisition at any stage of test in Discrete 
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Element Modeling detail description found at appendix section of this research. Consequently, 
Response of unbound subbase and base pavement material to stress in Discrete Element 
Modeling  recommeded for future research .   
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7. Appendices 
Appendix A: Laboratory Test Results 
Determination of sample Moisture Content and Mass 
Trial No. 1.00  
Wet weight of Sample, gram 130.90  
Dry weight of Sample, gram 117.43  
Weight of Water, gram 13.47  
Moisture Content % 11.47  
OMC Table A-2 and Figure 5.2 of sample, % 28.10 
Total mass used to prepare triaxial sample(M) ,gram 2000.00 
Water used to prepare the triaxial sample(g) 
=((OMC-W)/100)*M in gram 
332.59 
Determination of mass of specimen from MDD and OMC ρ = 
M/V; M = MDD (1+OMC)*V, volume of Mold used to prepare 
the specimen; M= 1.496(1+.281)*86.19 = 165.17g 
 
The mass of one Specimen =165.17g  
 
Table A-1:  Determination of water content and mass of specimen 
Trial No. 1.00 2.00 3.00 4.00 
Water in CC 180.00 240.00 300.00 360.00 
Mould Weight + sample(g) 3340.20 3412.90 3454.70 3360.50 
mold weight (gm) 1632.90 1632.90 1632.90 1632.90 
sample weight(gm) 1707.30 1780.00 1821.80 1727.60 
Mold volume cm3 944.00 944.00 944.00 944.00 
Bulk density(g/cm3) 1.81 1.89 1.93 1.83 
Moisture Content         
Tin No. 67.00 10.00 A12 65.00 
Wet weight + Tin(g) 129.10 168.60 170.60 155.40 
Dry weight +Tin(g) 106.80 136.60 134.70 119.80 
weight of tin(g) 16.50 16.40 16.90 16.30 
weight of dry soil 90.30 120.20 117.80 103.50 
weight of water 22.30 32.00 35.90 35.60 
Moisture Content % 24.70 26.62 30.48 34.40 
Dry Density(kg/m3) 1450.40 1489.15 1479.11 1361.71 
 
Table A-2: Determination Maximum Dry Density and Optimum Moisture Content  
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Determination of Material Gradation  
Sieve size(mm) Weight Ret. 
Soil 
Percentage 
Retained 
Cumulative 
percentage Retained 
Percentage Passed 
75.00 0.00 0.00 0.00 100.00 
50.00 0.00 0.00 0.00 100.00 
37.50 0.00 0.00 0.00 100.00 
25.00 0.00 0.00 0.00 100.00 
19.00 49.00 7.66 7.66 92.34 
12.50 30.80 4.82 12.48 87.52 
9.50 59.20 9.26 21.74 78.26 
4.75 177.10 27.70 49.44 50.56 
2.36 71.20 11.14 60.57 39.43 
2.00 0.00 0.00 60.57 39.43 
1.18 21.70 3.39 63.97 36.03 
0.60 14.30 2.24 66.20 33.80 
0.30 10.90 1.70 67.91 32.09 
0.15 11.00 1.72 69.63 30.37 
0.075 11.50 1.80 71.43 28.57 
Pan 182.70 28.57 100.00 0.00 
 639.40    
 
Table A-3: Material Size Determination Using Series of Sieve   
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Determination Liquid Limit, plastic limit and Plasticity Index   
Sample No. 1 2 3 4 
Wet Weight + Tin(g) 134.1 182.6 188.6 170.4 
Dry Weight +Tin(g) 106.8 136.6 134.7 119.8 
Weight of Tin(g) 16.5 16.4 16.9 16.3 
Weight of Dry Soil 90.3 120.2 117.8 103.5 
Weight of Water 27.3 46 53.9 50.6 
Moisture Content % 30.23 38.27 45.76 48.89 
No. of drops (N) 45 30 20 15 
 
Table A-4:  Determination of Liquid Limit Determination 
Sample No. 1 2 3 
Wet Weight + Tin(g) 110.10 150.60 155.60 
Dry Weight +Tin(g) 100.80 122.60 120.70 
Weight of Tin(g) 16.50 16.40 16.90 
Weight of Dry Soil 84.30 106.20 103.80 
Weight of Water 9.30 28.00 34.90 
Moisture Content % 11.03 26.37 33.62 
PL(%) = (W1+W2+W3)/3 24 
LL (%) 42 
PI(%) = LL -PL 18 
 
Table A-5:  Determination of Plasticity and Plastic Index 
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A triaxial test axial stress-strain calculation at cell stresses 100KPa, 200KPa and 300Kpa 
Dial 
Division 
Ring cal 
kgf/Div 
Specimen 
Deformation = 
∆L(mm) 
Vertical strain         
ε = ∆L/Lo 
Axial 
load    
(p) 
Corrected 
Area 
(A) 
Deviator 
stress      
(∆σ )= p/A 
Total 
stress 
(KN/m2) 
Stiffness  
E= ∆σ/ε 
(MPa) 
0.0 0.0 0.00 0.000 0.00 0.001130 - 100.00  
10.0 3 0.10 0.001 3.24 0.001131 26.63 128.63 98 
20.0 3.5 0.20 0.003 3.78 0.001133 33.36 133.36 55 
40.0 3.5 0.40 0.005 3.78 0.001136 33.36 128.52 25 
50.0 4 0.50 0.007 3.78 0.001137 33.23 133.23 20 
70.0 4.0 0.70 0.009 4.32 0.001141 37.88 137.88 15 
80.0 4.0 0.80 0.011 4.32 0.001142 37.83 137.83 13 
90.0 5.0 0.90 0.012 5.40 0.001144 47.22 147.22 12 
100.0 5.0 01.00 0.013 5.40 0.001145 47.16 147.16 11 
20.0 5.5 1.20 0.016 5.94 0.001148 51.74 151.74 10 
140.0 6.0 1.40 0.018 6.48 0.001151 56.29 156.29 8 
160.0 6.3 1.60 0.021 6.75 0.001154 58.48 158.48 8 
180.0 6.5 1.80 0.024 7.02 0.001157 60.65 160.65 7 
200.0 7.0 2.00 0.026 7.56 0.001161 65.14 165.14 6 
250.0 7.5 2.50 0.033 8.10 0.001168 69.32 169.32 5 
300.0 8.0 3.00 0.039 8.64 0.001176 73.44 173.44 4 
350.0 8.5 3.50 0.046 9.18 0.001185 77.50 177.50 4 
400.0 9.0 4.00 0.053 9.72 0.001193 81.49 181.49 3 
450.0 9.5 4.50 0.059 10.26 0.001201 85.42 185.42 3 
500.0 10.0 5.00 0.066 10.80 0.001210 89.29 189.29 3 
550.0 10.3 5.50 0.072 11.07 0.001218 90.88 190.88 3 
600.0 10.5 6.00 0.079 11.34 0.001227 92.43 192.43 2 
700.0 11.0 7.00 0.092 11.88 0.001245 95.45 195.45 2 
800.0 11.5 8.00 0.105 12.42 0.001263 98.34 198.34 2 
1000.0 12.0 10.00 0.132 12.96 0.001301 99.60 199.60 2 
1100.0 12.5 11.00 0.145 13.50 0.001321 102.18 202.18 1 
1200.0 13.0 12.00 0.158 14.04 0.001342 104.63 204.63 1 
1300.0 13.3 13.00 0.171 14.31 0.001363 104.98 204.98 1 
1400.0 13.5 14.00 0.184 14.58 0.001385 105.26 205.26 1 
1500.0 14.0 15.00 0.19737 15.12 0.001408 107 207.40 1 
1600.0 14.0 16.00 0.211 15.12 0.001431 106 205.64 1 
1700.0 14.0 17.00 0.224 15.12 0.001456 104 203.88 1 
1800.0 14.0 18.00 0.237 15.12 0.001481 102.11 202.11 1 
1900.0 13.5 19.00 0.250 14.58 0.001507 96.77 196.77 1 
2000.0 13.0 20.00 0.263 14.04 0.001534 91.55 191.55 1 
   Table A-6: Triaxial test axial stress-strain calculation for cell stress 100Kpa 
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No. Dial Division 
Ring Cal 
kgf/Div 
Specimen 
Deformation = 
∆L(mm) 
Vertical strain           
ε = ∆L/Lo 
Axial load            
(p ) 
Corrected 
Area 
Deviator       
Stress        
(∆σ)= P/A 
Total 
stress 
(KN/m2) 
Stiffness 
E= ∆σ/ε 
(MPa) 
1 0.0 0.0 0.00 0.000 0.00 0.001130 - 200  
2 10.0 2.5 0.10 0.001 2.70 0.001131 23.86 224 170 
3 20.0 3.5 0.20 0.003 3.78 0.001133 33.36 233 89 
4 40.0 5.0 0.40 0.005 5.40 0.001136 47.54 248 47 
5 50.0 5.3 0.50 0.007 5.67 0.001137 49.85 250 38 
6 70.0 6.0 0.70 0.009 6.48 0.001141 56.82 257 28 
7 80.0 6.25 0.80 0.011 6.75 0.001142 59.11 259 25 
8 90.0 7.0 0.90 0.012 7.56 0.001144 66.11 266 22 
9 100.0 7.5 1.00 0.013 8.10 0.001145 70.74 271 21 
10 120.0 8.0 1.20 0.016 8.64 0.001148 75.25 275 17 
11 140.0 8.25 1.40 0.018 8.91 0.001151 77.40 277 15 
12 160.0 9.5 1.60 0.021 10.26 0.001154 88.88 289 14 
13 180.0 10.0 1.80 0.024 10.80 0.001157 93.31 293 12 
14 200.0 10.0 2.00 0.026 10.80 0.001161 93.06 293 11 
15 250.0 11.0 2.50 0.033 11.88 0.001168 101.67 302 9 
16 300.0 11.5 3.00 0.039 12.42 0.001176 105.57 306 8 
17 350.0 12.0 3.50 0.046 12.96 0.001185 109.41 309 7 
18 400.0 12.5 4.00 0.053 13.50 0.001193 113.18 313 6 
19 450.0 12.8 4.50 0.059 13.77 0.001201 114.64 315 5 
20 500.0 13.0 5.00 0.066 14.04 0.001210 116.07 316 5 
21 550.0 14.0 5.50 0.072 15.12 0.001218 124.12 324 4 
22 600.0 14.3 6.00 0.079 15.39 0.001227 125.44 325 4 
23 700.0 14.5 7.00 0.092 15.66 0.001245 125.82 326 4 
24 800.0 15.0 8.00 0.105 16.20 0.001263 128.27 328 3 
25 1000.0 15.5 10.00 0.132 16.74 0.001301 128.65 329 2 
26 1100.0 16.0 11.00 0.145 17.28 0.001321 130.79 331 2 
27 1200.0 16.5 12.00 0.158 17.82 0.001342 132.80 333 2 
28 1300.0 16.0 13.00 0.171 17.28 0.001363 126.76 327 2 
29 1400.0 16.5 14.00 0.184 17.82 0.001385 128.65 329 2 
30 1500.0 17.0 15.00 0.197 18.36 0.001408 130.41 330 2 
31 1600.0 17.5 16.00 0.211 18.90 0.001431 132.04 332 2 
34 1900.0 18.5 19.00 0.250 19.98 0.001507 132.61 333 1 
35 2000.0 18.5 20.00 0.263 19.98 0.001534 130.28 330 1 
36 2100.0 18.5 21.00 0.276 19.98 0.001561 127.96 328 1 
37 2200.0 19.0 22.00 0.289 20.52 0.001590 129.03 329 1 
38 2300.0 19.0 23.00 0.303 20.52 0.001620 126.64 327 1 
39 2400.0 20.0 24.00 0.316 21.60 0.001652 130.79 331 1 
40 2500.0 21.0 25.00 0.329 22.68 0.001684 135 335 1 
41 2600.0 19.0 26.00 0.342 20.52 0.001718 119 319 1 
Table A-7: Triaxial test axial stress-strain calculation for cell stress 200Kpa 
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No. Dial Division 
Ring Cal 
kgf/Div 
Specimen 
Deformation = 
∆L(mm) 
Vertical 
Strain           
ε = ∆L/Lo 
Axial 
load            
(p ) 
Corrected 
Area 
(A) 
Deviator       
Stress        
(∆σ) =P/A 
Total 
stress 
(KN/m2) 
Stiffness 
E= ∆σ/ε 
(MPa) 
1 0.0 0.0 0.00 0.000 0.00 0.001130 - 300  
2 10.0 4.0 0.10 0.001 4.32 0.001131 38.18 338 257 
3 20.0 5.0 0.20 0.003 5.40 0.001133 47.66 348 132 
4 40.0 6.0 0.40 0.005 6.48 0.001136 57.04 357 68 
5 50.0 6.3 0.50 0.007 6.75 0.001137 59.34 359 55 
6 70.0 8.0 0.70 0.009 8.64 0.001141 75.76 376 41 
7 80.0 8.50 0.80 0.011 9.18 0.001142 80.38 380 36 
8 90.0 9.0 0.90 0.012 9.72 0.001144 85.00 385 33 
9 100.0 9.5 1.00 0.013 10.26 0.001145 89.60 390 30 
10 120.0 10.0 1.20 0.016 10.80 0.001148 94.07 394 25 
11 140.0 11.00 1.40 0.018 11.88 0.001151 103.20 403 22 
12 160.0 11.5 1.60 0.021 12.42 0.001154 107.60 408 19 
13 180.0 11.5 1.80 0.024 12.42 0.001157 107.31 407 17 
14 200.0 11.5 2.00 0.026 12.42 0.001161 107.02 407 15 
15 250.0 13.0 2.50 0.033 14.04 0.001168 120.16 420 13 
16 300.0 14.5 3.00 0.039 15.66 0.001176 133.11 433 11 
17 350.0 15.0 3.50 0.046 16.20 0.001185 136.76 437 9 
18 400.0 15.5 4.00 0.053 16.74 0.001193 140.34 440 8 
19 450.0 16.0 4.50 0.059 17.28 0.001201 143.87 444 7 
20 500.0 16.0 5.00 0.066 17.28 0.001210 142.86 443 7 
21 600.0 16.0 6.00 0.079 17.28 0.001227 140.85 441 6 
22 700.0 18.0 7.00 0.092 19.44 0.001245 156.19 456 5 
23 800.0 18.5 8.00 0.105 19.98 0.001263 158.20 458 4 
24 1000.0 18.5 10.00 0.132 19.98 0.001301 153.55 454 3 
25 1100.0 19.0 11.00 0.145 20.52 0.001321 155.31 455 3 
26 1200.0 19.0 12.00 0.158 20.52 0.001342 152.92 453 3 
27 1300.0 20.0 13.00 0.171 21.60 0.001363 158.45 458 3 
28 1400.0 20.0 14.00 0.184 21.60 0.001385 155.94 456 2 
29 1500.00 20.00 15.00 0.20 21.60 0.00 153.42 453 2 
30 1600.0 22.0 16.00 0.211 23.76 0.001431 166.00 466 2 
31 1700.0 21.0 17.00 0.224 22.68 0.001456 155.81 456 2 
32 1800.0 19.0 18.00 0.237 20.52 0.001481 138.58 439 2  
Table A-8: Triaxial test axial stress-strain calculation for cell stress 300Kpa 
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Figure A-1: Shear strength determination of specimen in triaxial test 
Shear strengh of subgrade material 
Using equation of stress path      = (   value of cohesion 
and internal angle of friction calculate as follow confining stress represented in table 
(210-100)/2 = (210+100)/2*sin +Ccos  
55 = 155sin +ccos  -------------------1 
      67 = 267 sin +ccos  -----------------2 
By solving both equation 1 and 2 in simultaneously cohesion (c) and angle of internal friction (  
35.7MPa and 8⁰ respectively. 
Maximum Shear Strength of material ,  
Sample 1= 35.7+(100+110)/2)tan(8) = 50.5KPa 
      Sample 2 = 35.7+(200+119)tan(8) =60KPa 
Sample 3 = 35.7+ 300+171)tan(8) =  68.8KPa =70KPa 
Table A-9: Shear Strength of subgrade material obtained at laboratory 
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    Subgrade Soil Investigation and Chacterization 
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       Table A-9: Subgrade Soil Investigation and Characterization  
     
 
 
 
 
 
Table A-10: Subgrade Material Location, Investigation and Characterization 
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Table A-11: Gradation of Subgrade Material 
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 Gravel Pavement Design 
Input design parameters used in pavement design of Shano Danaba gravel road project; AADT, 
soil data and climate condition of area. The AADT of this project was less than 200 vehicles per 
day and CBR value of subgrade soil determined in laboratory as shown figure A-2. The average 
CBR value of subgrade soil for this project was 4%. This area climate condition is wet zone, 
having average rainfall 80mm per month with route alignment transverse through elevations 
more than 2000m above sea level. Based on these data Shano Danaba Road pavement had 
designed. This pavement design had two capping layers and gravel wearing course. The need of 
capping layers depended on subgrade soil strength, the CBR value of soil. Standards 
recommended 600mm cut for weak soil and replaced subgrade material CBR value more than 
7% with thickness 300mm and second layers with CBR value more than 20% with 200mm 
thickness, along with gravel wearing course with 300mm thickness having CBR value more than 
30% used as represented in table A-12. PI value and CBR value of this of project route shown in 
table A-9 and figure A-3. From this pavement design, the thickness of pavement had determined 
based on subgrade soil and subgrade material strength as represented in table A-12.  
 
Figure A-2: CBR value versus project Chainage at laboratory  
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Figure A-3:  PI value Shana Danaba project at laboratory  
 
Stations Homogeneous Section 
Subgrade  Materials Gravel Wearing Course 
G7 G20 GW 
0+000 27+900 
HS1 300 200 
300 
28+900 34+200 
34+600 End 
27+900 28+800 
HS2 
 
200 
34+200 34+600 
 
Table A-12: Pavement Thickness Required for Shana Danaba project 
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Appendix B: Modeling Input and Output 
    ******************************************************************************** 
                                                                                  
     *                               Program- CIRCLY                                 
                                                                                    
                                                                                
     *                     Version- 5.1c                                                                                         
     *            (C) Copyright MINCAD Systems Pty. Ltd., Australia 2015.            
                                                                                 
     *              LAYERS BLOCK WORKSPACE                      (MLYBLK)...  125000                  
     *              COORDINATES BLOCK WORKSPACE         (MCOORD)...    5000                  
                                                                        
     *              CONVERGENCE TOLERANCE                       (EPS)... 1.0E-02                  
     *              MINIMUM INTEGRATION RANGE                (RKUPMN)... 2.0E+00                  
     *              MAXIMUM INTEGRATION RANGE               (RKNMTR)... 1.0E+01                  
     *              MAXIMUM EXPONENTIAL FN. ARG.             (EXPMAX)... 2.0E+01                  
     *              MAXIMUM NODES IN QUADRATURE           (MXKNOD)...     127                  
                                                                                
     ******************************************************************************** 
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Job Summary File 
 
CIRCLY Version 5.1c 
 
Job Title: Response of Unbound Pavement Material to Stress 
 
Damage Factor Calculation 
 
Assumed number of damage pulses per movement: 
One pulse per axle (i.e. use NROWS) 
 
Traffic Spectrum Details: 
 
ID: MSc Thesis Title: Response of Unbound Pavement Material to Stress 
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Table B-1: Layered Elastic Model Data Inputs  
Details of layered system 
  Detail of Loads  
Load Group No. Load Type Radius stress Reference stress Average per Location Load /moment Power 
1 Vertical force 0.9210E+02 0.7500E+00 0.7500E+00 0.1999E+05 000 
Traffic Spectrum 
Load No Load ID Movements 
1 ESA75-Ful 2.00E+06 
 
 
 
 
 
Layer Type Elastic Constants Thickness Interface 
1 CROSS-ANISOTROPIC 
EH = 0.7500E+02 EV = 0.1500E+03 
F=0.1111E+03 0.3000E+03 Rough 
VH= 0.3500E+00 VH = 0.3500E+00 
2 CROSS-ANISOTROPIC 
EH =0.5000E+02 
 
EV = 0.1000E+03 
F= .6900E+02 0.5000E+03 Rough 
VH= 0.4500E+00 VH = 0.4500E+00 
3 CROSS-ANISOTROPIC 
EH = 0.2000E+02 EV = 0.4000E+02 
F= .2758E+02 INFINITE Rough 
VH= 0.4500E+00 VH = 0.4500E+00 
83 
 
 Details of Load Groups 
 Load No Load ID Load Category Load Type Radius Pressure/Ref 
stress  
Exponent  
1 ESA75-full SA750-Full Vertical force 92.1 0.75 0.00 
Load Locations 
Location No. Load ID Gear No. X Y Scaling Factor Theta 
1 ESA75-Full 1 -165 0 1 0 
2 ESA75-Full 1 165 0 1 0 
3 ESA75-Full 1 1635 0 1 0 
4 ESA75-Full 1 1965 0 1 0 
 Layout of result points on horizontal plane 
Xmin Xmax Xdel Y 
-500 1000 20 0 
 Details of Layered System    
ayer No. urface type Material ID Isotropy Modulus 
EV 
Poisson’s 
Ratio H 
Modulus EH Poisson’s 
Ratio 
V 
F(shear) 
1 Rough Gran_150 Anisotropic 150 .35 75 0.35 111 
2 Rough G15 Anisotropic 100 .45 50 .45 69 
3 Rough  Anisotropic 40 .45 20 .45 45 
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 Performance Relationships  
Layer  No. Location Performance 
ID 
Component    Performance 
Constant  
Performance 
Exponent  
raffic 
Multiplier
s  
2 top selAust2004 EZZ 0.009300 7 1.600 
3 top Sub_2004 EZZ 0.009300 7 1.600 
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CIRCLY OUTPUT 
 
No. 
Coordinates Displacements 
X Y Z L UX UY UZ 
1 -5.00E+02 0.00E+00 3.00E+02 2 2.65E-02 2.31E-09 -0.663 
2 -4.80E+02 0.00E+00 3.00E+02 2 3.05E-02 2.67E-09 -0.679 
3 -4.60E+02 0.00E+00 3.00E+02 2 3.47E-02 3.03E-09 -0.696 
4 -4.40E+02 0.00E+00 3.00E+02 2 3.88E-02 3.39E-09 -0.714 
5 -4.20E+02 0.00E+00 3.00E+02 2 4.28E-02 3.74E-09 -0.733 
6 -4.00E+02 0.00E+00 3.00E+02 2 4.64E-02 4.06E-09 -0.752 
7 -3.80E+02 0.00E+00 3.00E+02 2 4.95E-02 4.33E-09 -0.772 
8 -3.60E+02 0.00E+00 3.00E+02 2 5.19E-02 4.54E-09 -0.792 
9 -3.40E+02 0.00E+00 3.00E+02 2 5.34E-02 4.67E-09 -0.813 
10 -3.20E+02 0.00E+00 3.00E+02 2 5.39E-02 4.71E-09 -0.834 
11 -3.00E+02 0.00E+00 3.00E+02 2 5.32E-02 4.65E-09 -0.854 
12 -2.80E+02 0.00E+00 3.00E+02 2 5.13E-02 4.48E-09 -0.874 
13 -2.60E+02 0.00E+00 3.00E+02 2 4.82E-02 4.21E-09 -0.893 
14 -2.40E+02 0.00E+00 3.00E+02 2 4.40E-02 3.85E-09 -0.911 
15 -2.20E+02 0.00E+00 3.00E+02 2 3.89E-02 3.40E-09 -0.928 
16 -2.00E+02 0.00E+00 3.00E+02 2 3.31E-02 2.90E-09 -0.944 
17 -1.80E+02 0.00E+00 3.00E+02 2 2.69E-02 2.35E-09 -0.958 
18 -1.60E+02 0.00E+00 3.00E+02 2 2.05E-02 2.00E-09 -0.97 
19 -1.40E+02 0.00E+00 3.00E+02 2 1.43E-02 2.27E-09 -0.981 
20 -1.20E+02 0.00E+00 3.00E+02 2 8.35E-03 2.52E-09 -0.99 
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21 -1.00E+02 0.00E+00 3.00E+02 2 2.93E-03 2.76E-09 -0.998 
22 -8.00E+01 0.00E+00 3.00E+02 2 -1.91E-03 2.97E-09 -1.005 
23 -6.00E+01 0.00E+00 3.00E+02 2 -6.14E-03 3.13E-09 -1.01 
24 -4.00E+01 0.00E+00 3.00E+02 2 -9.84E-03 3.23E-09 -1.015 
25 -2.00E+01 0.00E+00 3.00E+02 2 -1.31E-02 3.24E-09 -1.018 
26 0.00E+00 0.00E+00 3.00E+02 2 -1.62E-02 3.16E-09 -1.02 
27 2.00E+01 0.00E+00 3.00E+02 2 -1.93E-02 2.97E-09 -1.022 
28 4.00E+01 0.00E+00 3.00E+02 2 -2.26E-02 2.67E-09 -1.023 
29 6.00E+01 0.00E+00 3.00E+02 2 -2.63E-02 2.25E-09 -1.022 
30 8.00E+01 0.00E+00 3.00E+02 2 -3.06E-02 1.72E-09 -1.021 
31 1.00E+02 0.00E+00 3.00E+02 2 -3.54E-02 1.09E-09 -1.019 
32 1.20E+02 0.00E+00 3.00E+02 2 -4.08E-02 3.71E-10 -1.015 
33 1.40E+02 0.00E+00 3.00E+02 2 -4.67E-02 -4.06E-10 -1.01 
34 1.60E+02 0.00E+00 3.00E+02 2 -5.29E-02 -1.22E-09 -1.003 
35 1.80E+02 0.00E+00 3.00E+02 2 -5.92E-02 -1.42E-09 -0.995 
36 2.00E+02 0.00E+00 3.00E+02 2 -6.53E-02 -1.41E-09 -0.985 
37 2.20E+02 0.00E+00 3.00E+02 2 -7.10E-02 -1.41E-09 -0.973 
38 2.40E+02 0.00E+00 3.00E+02 2 -7.60E-02 -1.40E-09 -0.961 
39 2.60E+02 0.00E+00 3.00E+02 2 -8.00E-02 -1.40E-09 -0.947 
40 2.80E+02 0.00E+00 3.00E+02 2 -8.30E-02 -1.39E-09 -0.932 
41 3.00E+02 0.00E+00 3.00E+02 2 -8.48E-02 -1.38E-09 -0.916 
42 3.20E+02 0.00E+00 3.00E+02 2 -8.54E-02 -1.38E-09 -0.9 
43 3.40E+02 0.00E+00 3.00E+02 2 -8.49E-02 -1.37E-09 -0.884 
44 3.60E+02 0.00E+00 3.00E+02 2 -8.33E-02 -1.36E-09 -0.868 
45 3.80E+02 0.00E+00 3.00E+02 2 -8.08E-02 -1.36E-09 -0.852 
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46 4.00E+02 0.00E+00 3.00E+02 2 -7.75E-02 -1.35E-09 -0.837 
47 4.20E+02 0.00E+00 3.00E+02 2 -7.37E-02 -1.34E-09 -0.822 
48 4.40E+02 0.00E+00 3.00E+02 2 -6.96E-02 -1.33E-09 -0.808 
49 4.60E+02 0.00E+00 3.00E+02 2 -6.52E-02 -1.31E-09 -0.795 
50 4.80E+02 0.00E+00 3.00E+02 2 -6.08E-02 -1.30E-09 -0.782 
51 5.00E+02 0.00E+00 3.00E+02 2 -5.65E-02 -1.28E-09 -0.771 
52 5.20E+02 0.00E+00 3.00E+02 2 -5.23E-02 -1.26E-09 -0.76 
53 5.40E+02 0.00E+00 3.00E+02 2 -4.82E-02 -1.24E-09 -0.75 
54 5.60E+02 0.00E+00 3.00E+02 2 -4.44E-02 -1.21E-09 -0.742 
55 5.80E+02 0.00E+00 3.00E+02 2 -4.08E-02 -1.19E-09 -0.733 
56 6.00E+02 0.00E+00 3.00E+02 2 -3.73E-02 -1.16E-09 -0.726 
57 6.20E+02 0.00E+00 3.00E+02 2 -3.40E-02 -1.14E-09 -0.719 
58 6.40E+02 0.00E+00 3.00E+02 2 -3.09E-02 -1.11E-09 -0.712 
59 6.60E+02 0.00E+00 3.00E+02 2 -2.79E-02 -1.08E-09 -0.706 
60 6.80E+02 0.00E+00 3.00E+02 2 -2.50E-02 -1.05E-09 -0.701 
61 7.00E+02 0.00E+00 3.00E+02 2 -2.23E-02 -1.02E-09 -0.697 
62 7.20E+02 0.00E+00 3.00E+02 2 -1.96E-02 -9.76E-10 -0.692 
63 7.40E+02 0.00E+00 3.00E+02 2 -1.71E-02 -9.32E-10 -0.689 
64 7.60E+02 0.00E+00 3.00E+02 2 -1.47E-02 -8.83E-10 -0.685 
65 7.80E+02 0.00E+00 3.00E+02 2 -1.24E-02 -8.28E-10 -0.683 
66 8.00E+02 0.00E+00 3.00E+02 2 -1.01E-02 -7.68E-10 -0.68 
67 8.20E+02 0.00E+00 3.00E+02 2 -7.99E-03 -7.03E-10 -0.679 
68 8.40E+02 0.00E+00 3.00E+02 2 -5.92E-03 -6.33E-10 -0.677 
69 8.60E+02 0.00E+00 3.00E+02 2 -3.91E-03 -5.60E-10 -0.676 
70 8.80E+02 0.00E+00 3.00E+02 2 -1.95E-03 -4.82E-10 -0.676 
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71 9.00E+02 0.00E+00 3.00E+02 2 0.00E+00 -3.99E-10 -0.675 
72 9.20E+02 0.00E+00 3.00E+02 2 1.95E-03 -3.11E-10 -0.676 
73 9.40E+02 0.00E+00 3.00E+02 2 3.91E-03 -2.17E-10 -0.676 
74 9.60E+02 0.00E+00 3.00E+02 2 5.92E-03 -1.16E-10 -0.677 
75 9.80E+02 0.00E+00 3.00E+02 2 7.99E-03 -4.60E-12 -0.679 
76 1.00E+03 0.00E+00 3.00E+02 2 1.01E-02 1.18E-10 -0.68 
77 -5.00E+02 0.00E+00 8.00E+02 3 1.03E-01 9.04E-09 -0.592 
78 -4.80E+02 0.00E+00 8.00E+02 3 1.03E-01 8.99E-09 -0.6 
79 -4.60E+02 0.00E+00 8.00E+02 3 1.02E-01 8.91E-09 -0.608 
80 -4.40E+02 0.00E+00 8.00E+02 3 1.01E-01 8.82E-09 -0.615 
81 -4.20E+02 0.00E+00 8.00E+02 3 9.96E-02 8.70E-09 -0.623 
82 -4.00E+02 0.00E+00 8.00E+02 3 9.80E-02 8.57E-09 -0.63 
83 -3.80E+02 0.00E+00 8.00E+02 3 9.63E-02 8.42E-09 -0.638 
84 -3.60E+02 0.00E+00 8.00E+02 3 9.43E-02 8.25E-09 -0.645 
85 -3.40E+02 0.00E+00 8.00E+02 3 9.21E-02 8.05E-09 -0.652 
86 -3.20E+02 0.00E+00 8.00E+02 3 8.97E-02 7.84E-09 -0.659 
87 -3.00E+02 0.00E+00 8.00E+02 3 8.70E-02 7.61E-09 -0.665 
88 -2.80E+02 0.00E+00 8.00E+02 3 8.42E-02 7.36E-09 -0.672 
89 -2.60E+02 0.00E+00 8.00E+02 3 8.11E-02 7.09E-09 -0.678 
90 -2.40E+02 0.00E+00 8.00E+02 3 7.78E-02 6.80E-09 -0.684 
91 -2.20E+02 0.00E+00 8.00E+02 3 7.43E-02 6.50E-09 -0.69 
92 -2.00E+02 0.00E+00 8.00E+02 3 7.07E-02 6.18E-09 -0.696 
93 -1.80E+02 0.00E+00 8.00E+02 3 6.69E-02 5.85E-09 -0.701 
94 -1.60E+02 0.00E+00 8.00E+02 3 6.29E-02 5.57E-09 -0.706 
95 -1.40E+02 0.00E+00 8.00E+02 3 5.88E-02 5.48E-09 -0.71 
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96 -1.20E+02 0.00E+00 8.00E+02 3 5.45E-02 5.39E-09 -0.715 
97 -1.00E+02 0.00E+00 8.00E+02 3 5.02E-02 5.28E-09 -0.719 
98 -8.00E+01 0.00E+00 8.00E+02 3 4.57E-02 5.16E-09 -0.722 
99 -6.00E+01 0.00E+00 8.00E+02 3 4.12E-02 5.02E-09 -0.725 
100 -4.00E+01 0.00E+00 8.00E+02 3 3.67E-02 4.88E-09 -0.728 
101 -2.00E+01 0.00E+00 8.00E+02 3 3.21E-02 4.73E-09 -0.731 
102 0.00E+00 0.00E+00 8.00E+02 3 2.75E-02 4.56E-09 -0.733 
103 2.00E+01 0.00E+00 8.00E+02 3 2.29E-02 4.39E-09 -0.735 
104 4.00E+01 0.00E+00 8.00E+02 3 1.84E-02 4.21E-09 -0.737 
105 6.00E+01 0.00E+00 8.00E+02 3 1.39E-02 4.02E-09 -0.738 
106 8.00E+01 0.00E+00 8.00E+02 3 9.50E-03 3.83E-09 -0.739 
107 1.00E+02 0.00E+00 8.00E+02 3 5.20E-03 3.64E-09 -0.739 
108 1.20E+02 0.00E+00 8.00E+02 3 1.03E-03 3.44E-09 -0.739 
109 1.40E+02 0.00E+00 8.00E+02 3 -3.00E-03 3.24E-09 -0.739 
110 1.60E+02 0.00E+00 8.00E+02 3 -6.88E-03 3.04E-09 -0.739 
111 1.80E+02 0.00E+00 8.00E+02 3 -1.06E-02 3.04E-09 -0.738 
112 2.00E+02 0.00E+00 8.00E+02 3 -1.41E-02 3.12E-09 -0.737 
113 2.20E+02 0.00E+00 8.00E+02 3 -1.74E-02 3.21E-09 -0.735 
114 2.40E+02 0.00E+00 8.00E+02 3 -2.05E-02 3.29E-09 -0.734 
115 2.60E+02 0.00E+00 8.00E+02 3 -2.34E-02 3.37E-09 -0.732 
116 2.80E+02 0.00E+00 8.00E+02 3 -2.60E-02 3.46E-09 -0.73 
117 3.00E+02 0.00E+00 8.00E+02 3 -2.84E-02 3.55E-09 -0.728 
118 3.20E+02 0.00E+00 8.00E+02 3 -3.05E-02 3.64E-09 -0.726 
119 3.40E+02 0.00E+00 8.00E+02 3 -3.24E-02 3.73E-09 -0.723 
120 3.60E+02 0.00E+00 8.00E+02 3 -3.40E-02 3.82E-09 -0.72 
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121 3.80E+02 0.00E+00 8.00E+02 3 -3.54E-02 3.92E-09 -0.718 
122 4.00E+02 0.00E+00 8.00E+02 3 -3.65E-02 4.02E-09 -0.715 
123 4.20E+02 0.00E+00 8.00E+02 3 -3.73E-02 4.12E-09 -0.712 
124 4.40E+02 0.00E+00 8.00E+02 3 -3.79E-02 4.22E-09 -0.709 
125 4.60E+02 0.00E+00 8.00E+02 3 -3.83E-02 4.32E-09 -0.706 
126 4.80E+02 0.00E+00 8.00E+02 3 -3.84E-02 4.43E-09 -0.703 
127 5.00E+02 0.00E+00 8.00E+02 3 -3.82E-02 4.53E-09 -0.7 
128 5.20E+02 0.00E+00 8.00E+02 3 -3.78E-02 4.64E-09 -0.697 
129 5.40E+02 0.00E+00 8.00E+02 3 -3.72E-02 4.75E-09 -0.694 
130 5.60E+02 0.00E+00 8.00E+02 3 -3.64E-02 4.86E-09 -0.691 
131 5.80E+02 0.00E+00 8.00E+02 3 -3.53E-02 4.98E-09 -0.688 
132 6.00E+02 0.00E+00 8.00E+02 3 -3.41E-02 5.09E-09 -0.685 
133 6.20E+02 0.00E+00 8.00E+02 3 -3.26E-02 5.21E-09 -0.682 
134 6.40E+02 0.00E+00 8.00E+02 3 -3.10E-02 5.33E-09 -0.68 
135 6.60E+02 0.00E+00 8.00E+02 3 -2.93E-02 5.45E-09 -0.677 
136 6.80E+02 0.00E+00 8.00E+02 3 -2.73E-02 5.57E-09 -0.675 
137 7.00E+02 0.00E+00 8.00E+02 3 -2.53E-02 5.69E-09 -0.673 
138 7.20E+02 0.00E+00 8.00E+02 3 -2.31E-02 5.82E-09 -0.671 
139 7.40E+02 0.00E+00 8.00E+02 3 -2.08E-02 5.94E-09 -0.669 
140 7.60E+02 0.00E+00 8.00E+02 3 -1.84E-02 6.07E-09 -0.668 
141 7.80E+02 0.00E+00 8.00E+02 3 -1.60E-02 6.19E-09 -0.666 
142 8.00E+02 0.00E+00 8.00E+02 3 -1.34E-02 6.32E-09 -0.665 
143 8.20E+02 0.00E+00 8.00E+02 3 -1.08E-02 6.44E-09 -0.664 
144 8.40E+02 0.00E+00 8.00E+02 3 -8.14E-03 6.57E-09 -0.663 
145 8.60E+02 0.00E+00 8.00E+02 3 -5.45E-03 6.69E-09 -0.663 
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146 8.80E+02 0.00E+00 8.00E+02 3 -2.73E-03 6.81E-09 -0.663 
147 9.00E+02 0.00E+00 8.00E+02 3 0.00E+00 6.94E-09 -0.662 
148 9.20E+02 0.00E+00 8.00E+02 3 2.73E-03 7.05E-09 -0.663 
149 9.40E+02 0.00E+00 8.00E+02 3 5.45E-03 7.17E-09 -0.663 
150 9.60E+02 0.00E+00 8.00E+02 3 8.14E-03 7.28E-09 -0.663 
151 9.80E+02 0.00E+00 8.00E+02 3 1.08E-02 7.39E-09 -0.664 
152 1.00E+03 0.00E+00 8.00E+02 3 1.34E-02 7.49E-09 -0.665 
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No. 
Coordinates Normal Strain Shear Strain 
X Y Z L XX YY ZZ XZ YZ XY 
1 -5.00E+02 0.00E+00 3.00E+02 2 2.00E-04 -1.12E-04 5.88E-05 -2.65E-04 -2.32E-11 2.73E-11 
2 -4.80E+02 0.00E+00 3.00E+02 2 2.06E-04 -1.30E-04 8.15E-05 -2.93E-04 -2.56E-11 2.94E-11 
3 -4.60E+02 0.00E+00 3.00E+02 2 2.08E-04 -1.51E-04 1.10E-04 -3.24E-04 -2.83E-11 3.14E-11 
4 -4.40E+02 0.00E+00 3.00E+02 2 2.04E-04 -1.75E-04 1.47E-04 -3.56E-04 -3.11E-11 3.31E-11 
5 -4.20E+02 0.00E+00 3.00E+02 2 1.91E-04 -2.01E-04 1.91E-04 -3.90E-04 -3.41E-11 3.43E-11 
6 -4.00E+02 0.00E+00 3.00E+02 2 1.70E-04 -2.30E-04 2.45E-04 -4.22E-04 -3.69E-11 3.50E-11 
7 -3.80E+02 0.00E+00 3.00E+02 2 1.39E-04 -2.61E-04 3.08E-04 -4.51E-04 -3.94E-11 3.50E-11 
8 -3.60E+02 0.00E+00 3.00E+02 2 9.89E-05 -2.94E-04 3.79E-04 -4.75E-04 -4.15E-11 3.43E-11 
9 -3.40E+02 0.00E+00 3.00E+02 2 4.98E-05 -3.28E-04 4.58E-04 -4.92E-04 -4.30E-11 3.30E-11 
10 -3.20E+02 0.00E+00 3.00E+02 2 -5.86E-06 -3.62E-04 5.41E-04 -4.99E-04 -4.36E-11 3.12E-11 
11 -3.00E+02 0.00E+00 3.00E+02 2 -6.55E-05 -3.97E-04 6.27E-04 -4.95E-04 -4.33E-11 2.90E-11 
12 -2.80E+02 0.00E+00 3.00E+02 2 -1.26E-04 -4.30E-04 7.12E-04 -4.80E-04 -4.20E-11 2.66E-11 
13 -2.60E+02 0.00E+00 3.00E+02 2 -1.83E-04 -4.63E-04 7.93E-04 -4.54E-04 -3.97E-11 2.45E-11 
14 -2.40E+02 0.00E+00 3.00E+02 2 -2.33E-04 -4.93E-04 8.66E-04 -4.17E-04 -3.64E-11 2.27E-11 
15 -2.20E+02 0.00E+00 3.00E+02 2 -2.74E-04 -5.20E-04 9.30E-04 -3.71E-04 -3.25E-11 2.15E-11 
16 -2.00E+02 0.00E+00 3.00E+02 2 -3.02E-04 -5.44E-04 9.81E-04 -3.20E-04 -2.80E-11 2.11E-11 
17 -1.80E+02 0.00E+00 3.00E+02 2 -3.17E-04 -5.64E-04 1.02E-03 -2.65E-04 -2.32E-11 2.16E-11 
18 -1.60E+02 0.00E+00 3.00E+02 2 -3.18E-04 -5.81E-04 1.04E-03 -2.11E-04 -2.01E-11 2.30E-11 
19 -1.40E+02 0.00E+00 3.00E+02 2 -3.06E-04 -5.95E-04 1.06E-03 -1.60E-04 -2.24E-11 2.45E-11 
20 -1.20E+02 0.00E+00 3.00E+02 2 -2.85E-04 -6.06E-04 1.06E-03 -1.14E-04 -2.48E-11 2.57E-11 
21 -1.00E+02 0.00E+00 3.00E+02 2 -2.57E-04 -6.13E-04 1.05E-03 -7.68E-05 -2.73E-11 2.64E-11 
22 -8.00E+01 0.00E+00 3.00E+02 2 -2.26E-04 -6.19E-04 1.04E-03 -4.81E-05 -2.96E-11 2.65E-11 
23 -6.00E+01 0.00E+00 3.00E+02 2 -1.97E-04 -6.22E-04 1.03E-03 -2.80E-05 -3.18E-11 2.60E-11 
24 -4.00E+01 0.00E+00 3.00E+02 2 -1.73E-04 -6.25E-04 1.02E-03 -1.54E-05 -3.35E-11 2.48E-11 
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25 -2.00E+01 0.00E+00 3.00E+02 2 -1.58E-04 -6.26E-04 1.01E-03 -8.33E-06 -3.46E-11 2.29E-11 
26 0.00E+00 0.00E+00 3.00E+02 2 -1.53E-04 -6.26E-04 1.01E-03 -4.15E-06 -3.49E-11 2.03E-11 
27 2.00E+01 0.00E+00 3.00E+02 2 -1.58E-04 -6.26E-04 1.01E-03 1.41E-07 -3.43E-11 1.72E-11 
28 4.00E+01 0.00E+00 3.00E+02 2 -1.74E-04 -6.24E-04 1.02E-03 7.48E-06 -3.26E-11 1.38E-11 
29 6.00E+01 0.00E+00 3.00E+02 2 -1.98E-04 -6.22E-04 1.03E-03 2.05E-05 -2.98E-11 1.03E-11 
30 8.00E+01 0.00E+00 3.00E+02 2 -2.27E-04 -6.18E-04 1.04E-03 4.10E-05 -2.59E-11 6.89E-12 
31 1.00E+02 0.00E+00 3.00E+02 2 -2.57E-04 -6.12E-04 1.05E-03 7.01E-05 -2.10E-11 3.90E-12 
32 1.20E+02 0.00E+00 3.00E+02 2 -2.84E-04 -6.04E-04 1.06E-03 1.08E-04 -1.52E-11 1.52E-12 
33 1.40E+02 0.00E+00 3.00E+02 2 -3.04E-04 -5.94E-04 1.06E-03 1.53E-04 -8.86E-12 -6.92E-14 
34 1.60E+02 0.00E+00 3.00E+02 2 -3.15E-04 -5.80E-04 1.04E-03 2.04E-04 -2.16E-12 -7.37E-13 
35 1.80E+02 0.00E+00 3.00E+02 2 -3.12E-04 -5.62E-04 1.02E-03 2.58E-04 -4.89E-13 -7.10E-13 
36 2.00E+02 0.00E+00 3.00E+02 2 -2.97E-04 -5.42E-04 9.78E-04 3.12E-04 -5.40E-13 -6.57E-13 
37 2.20E+02 0.00E+00 3.00E+02 2 -2.68E-04 -5.17E-04 9.27E-04 3.63E-04 -6.03E-13 -6.15E-13 
38 2.40E+02 0.00E+00 3.00E+02 2 -2.27E-04 -4.90E-04 8.63E-04 4.07E-04 -6.72E-13 -5.88E-13 
39 2.60E+02 0.00E+00 3.00E+02 2 -1.77E-04 -4.60E-04 7.90E-04 4.43E-04 -7.41E-13 -5.78E-13 
40 2.80E+02 0.00E+00 3.00E+02 2 -1.20E-04 -4.28E-04 7.09E-04 4.69E-04 -8.07E-13 -5.84E-13 
41 3.00E+02 0.00E+00 3.00E+02 2 -6.01E-05 -3.94E-04 6.25E-04 4.84E-04 -8.63E-13 -5.99E-13 
42 3.20E+02 0.00E+00 3.00E+02 2 -7.74E-07 -3.59E-04 5.39E-04 4.87E-04 -9.08E-13 -6.17E-13 
43 3.40E+02 0.00E+00 3.00E+02 2 5.49E-05 -3.24E-04 4.56E-04 4.80E-04 -9.42E-13 -6.26E-13 
44 3.60E+02 0.00E+00 3.00E+02 2 1.04E-04 -2.90E-04 3.78E-04 4.63E-04 -9.68E-13 -6.20E-13 
45 3.80E+02 0.00E+00 3.00E+02 2 1.45E-04 -2.57E-04 3.06E-04 4.39E-04 -9.91E-13 -5.90E-13 
46 4.00E+02 0.00E+00 3.00E+02 2 1.77E-04 -2.26E-04 2.43E-04 4.10E-04 -1.02E-12 -5.34E-13 
47 4.20E+02 0.00E+00 3.00E+02 2 2.00E-04 -1.97E-04 1.88E-04 3.77E-04 -1.06E-12 -4.52E-13 
48 4.40E+02 0.00E+00 3.00E+02 2 2.14E-04 -1.71E-04 1.43E-04 3.43E-04 -1.11E-12 -3.50E-13 
49 4.60E+02 0.00E+00 3.00E+02 2 2.20E-04 -1.47E-04 1.06E-04 3.10E-04 -1.18E-12 -2.35E-13 
50 4.80E+02 0.00E+00 3.00E+02 2 2.19E-04 -1.26E-04 7.59E-05 2.78E-04 -1.27E-12 -1.18E-13 
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51 5.00E+02 0.00E+00 3.00E+02 2 2.15E-04 -1.07E-04 5.28E-05 2.49E-04 -1.38E-12 -9.05E-15 
52 5.20E+02 0.00E+00 3.00E+02 2 2.07E-04 -9.08E-05 3.48E-05 2.22E-04 -1.51E-12 8.52E-14 
53 5.40E+02 0.00E+00 3.00E+02 2 1.97E-04 -7.65E-05 2.10E-05 1.99E-04 -1.64E-12 1.60E-13 
54 5.60E+02 0.00E+00 3.00E+02 2 1.87E-04 -6.41E-05 1.01E-05 1.78E-04 -1.77E-12 2.18E-13 
55 5.80E+02 0.00E+00 3.00E+02 2 1.77E-04 -5.33E-05 1.31E-06 1.60E-04 -1.89E-12 2.63E-13 
56 6.00E+02 0.00E+00 3.00E+02 2 1.68E-04 -4.39E-05 -5.89E-06 1.44E-04 -1.99E-12 3.08E-13 
57 6.20E+02 0.00E+00 3.00E+02 2 1.60E-04 -3.56E-05 -1.20E-05 1.30E-04 -2.09E-12 3.64E-13 
58 6.40E+02 0.00E+00 3.00E+02 2 1.53E-04 -2.83E-05 -1.72E-05 1.16E-04 -2.17E-12 4.46E-13 
59 6.60E+02 0.00E+00 3.00E+02 2 1.46E-04 -2.20E-05 -2.16E-05 1.04E-04 -2.25E-12 5.65E-13 
60 6.80E+02 0.00E+00 3.00E+02 2 1.40E-04 -1.64E-05 -2.52E-05 9.19E-05 -2.34E-12 7.29E-13 
61 7.00E+02 0.00E+00 3.00E+02 2 1.35E-04 -1.15E-05 -2.81E-05 8.06E-05 -2.44E-12 9.40E-13 
62 7.20E+02 0.00E+00 3.00E+02 2 1.29E-04 -7.34E-06 -3.02E-05 6.99E-05 -2.56E-12 1.19E-12 
63 7.40E+02 0.00E+00 3.00E+02 2 1.24E-04 -3.78E-06 -3.15E-05 5.97E-05 -2.72E-12 1.48E-12 
64 7.60E+02 0.00E+00 3.00E+02 2 1.19E-04 -8.06E-07 -3.22E-05 5.02E-05 -2.91E-12 1.79E-12 
65 7.80E+02 0.00E+00 3.00E+02 2 1.14E-04 1.63E-06 -3.23E-05 4.13E-05 -3.13E-12 2.10E-12 
66 8.00E+02 0.00E+00 3.00E+02 2 1.09E-04 3.56E-06 -3.20E-05 3.31E-05 -3.39E-12 2.41E-12 
67 8.20E+02 0.00E+00 3.00E+02 2 1.05E-04 5.05E-06 -3.14E-05 2.56E-05 -3.66E-12 2.71E-12 
68 8.40E+02 0.00E+00 3.00E+02 2 1.02E-04 6.14E-06 -3.08E-05 1.86E-05 -3.94E-12 3.00E-12 
69 8.60E+02 0.00E+00 3.00E+02 2 9.92E-05 6.88E-06 -3.02E-05 1.21E-05 -4.22E-12 3.29E-12 
70 8.80E+02 0.00E+00 3.00E+02 2 9.77E-05 7.31E-06 -2.99E-05 5.97E-06 -4.49E-12 3.59E-12 
71 9.00E+02 0.00E+00 3.00E+02 2 9.71E-05 7.45E-06 -2.97E-05 -9.10E-13 -4.75E-12 3.92E-12 
72 9.20E+02 0.00E+00 3.00E+02 2 9.77E-05 7.31E-06 -2.99E-05 -5.97E-06 -5.01E-12 4.31E-12 
73 9.40E+02 0.00E+00 3.00E+02 2 9.92E-05 6.88E-06 -3.02E-05 -1.21E-05 -5.27E-12 4.79E-12 
74 9.60E+02 0.00E+00 3.00E+02 2 1.02E-04 6.14E-06 -3.08E-05 -1.86E-05 -5.56E-12 5.36E-12 
75 9.80E+02 0.00E+00 3.00E+02 2 1.05E-04 5.05E-06 -3.14E-05 -2.56E-05 -5.89E-12 6.03E-12 
76 1.00E+03 0.00E+00 3.00E+02 2 1.09E-04 3.56E-06 -3.20E-05 -3.31E-05 -6.28E-12 6.82E-12 
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77 -5.00E+02 0.00E+00 8.00E+02 3 -2.71E-05 -2.04E-04 2.92E-04 -2.24E-04 -1.96E-11 1.55E-11 
78 -4.80E+02 0.00E+00 8.00E+02 3 -3.75E-05 -2.11E-04 3.07E-04 -2.24E-04 -1.96E-11 1.51E-11 
79 -4.60E+02 0.00E+00 8.00E+02 3 -4.82E-05 -2.17E-04 3.22E-04 -2.24E-04 -1.96E-11 1.47E-11 
80 -4.40E+02 0.00E+00 8.00E+02 3 -5.92E-05 -2.23E-04 3.38E-04 -2.23E-04 -1.95E-11 1.43E-11 
81 -4.20E+02 0.00E+00 8.00E+02 3 -7.04E-05 -2.30E-04 3.53E-04 -2.21E-04 -1.93E-11 1.39E-11 
82 -4.00E+02 0.00E+00 8.00E+02 3 -8.17E-05 -2.36E-04 3.68E-04 -2.18E-04 -1.91E-11 1.35E-11 
83 -3.80E+02 0.00E+00 8.00E+02 3 -9.31E-05 -2.42E-04 3.83E-04 -2.15E-04 -1.88E-11 1.30E-11 
84 -3.60E+02 0.00E+00 8.00E+02 3 -1.05E-04 -2.48E-04 3.98E-04 -2.11E-04 -1.85E-11 1.26E-11 
85 -3.40E+02 0.00E+00 8.00E+02 3 -1.16E-04 -2.54E-04 4.13E-04 -2.06E-04 -1.81E-11 1.21E-11 
86 -3.20E+02 0.00E+00 8.00E+02 3 -1.27E-04 -2.60E-04 4.28E-04 -2.01E-04 -1.76E-11 1.16E-11 
87 -3.00E+02 0.00E+00 8.00E+02 3 -1.38E-04 -2.65E-04 4.42E-04 -1.95E-04 -1.70E-11 1.11E-11 
88 -2.80E+02 0.00E+00 8.00E+02 3 -1.49E-04 -2.71E-04 4.55E-04 -1.88E-04 -1.64E-11 1.07E-11 
89 -2.60E+02 0.00E+00 8.00E+02 3 -1.59E-04 -2.76E-04 4.69E-04 -1.80E-04 -1.57E-11 1.02E-11 
90 -2.40E+02 0.00E+00 8.00E+02 3 -1.69E-04 -2.81E-04 4.81E-04 -1.72E-04 -1.50E-11 9.79E-12 
91 -2.20E+02 0.00E+00 8.00E+02 3 -1.78E-04 -2.86E-04 4.93E-04 -1.62E-04 -1.42E-11 9.38E-12 
92 -2.00E+02 0.00E+00 8.00E+02 3 -1.87E-04 -2.90E-04 5.04E-04 -1.53E-04 -1.33E-11 8.99E-12 
93 -1.80E+02 0.00E+00 8.00E+02 3 -1.95E-04 -2.94E-04 5.15E-04 -1.42E-04 -1.24E-11 8.64E-12 
94 -1.60E+02 0.00E+00 8.00E+02 3 -2.03E-04 -2.98E-04 5.24E-04 -1.31E-04 -1.17E-11 8.32E-12 
95 -1.40E+02 0.00E+00 8.00E+02 3 -2.09E-04 -3.01E-04 5.33E-04 -1.20E-04 -1.14E-11 8.00E-12 
96 -1.20E+02 0.00E+00 8.00E+02 3 -2.15E-04 -3.04E-04 5.41E-04 -1.07E-04 -1.12E-11 7.69E-12 
97 -1.00E+02 0.00E+00 8.00E+02 3 -2.20E-04 -3.07E-04 5.47E-04 -9.50E-05 -1.09E-11 7.38E-12 
98 -8.00E+01 0.00E+00 8.00E+02 3 -2.24E-04 -3.10E-04 5.53E-04 -8.21E-05 -1.05E-11 7.07E-12 
99 -6.00E+01 0.00E+00 8.00E+02 3 -2.27E-04 -3.12E-04 5.57E-04 -6.90E-05 -1.01E-11 6.78E-12 
100 -4.00E+01 0.00E+00 8.00E+02 3 -2.29E-04 -3.13E-04 5.61E-04 -5.57E-05 -9.64E-12 6.51E-12 
101 -2.00E+01 0.00E+00 8.00E+02 3 -2.30E-04 -3.14E-04 5.63E-04 -4.22E-05 -9.14E-12 6.27E-12 
102 0.00E+00 0.00E+00 8.00E+02 3 -2.29E-04 -3.15E-04 5.64E-04 -2.87E-05 -8.61E-12 6.05E-12 
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103 2.00E+01 0.00E+00 8.00E+02 3 -2.28E-04 -3.16E-04 5.63E-04 -1.52E-05 -8.04E-12 5.86E-12 
104 4.00E+01 0.00E+00 8.00E+02 3 -2.26E-04 -3.16E-04 5.62E-04 -1.79E-06 -7.44E-12 5.71E-12 
105 6.00E+01 0.00E+00 8.00E+02 3 -2.22E-04 -3.15E-04 5.59E-04 1.14E-05 -6.82E-12 5.60E-12 
106 8.00E+01 0.00E+00 8.00E+02 3 -2.17E-04 -3.14E-04 5.55E-04 2.43E-05 -6.17E-12 5.53E-12 
107 1.00E+02 0.00E+00 8.00E+02 3 -2.12E-04 -3.13E-04 5.50E-04 3.68E-05 -5.51E-12 5.50E-12 
108 1.20E+02 0.00E+00 8.00E+02 3 -2.05E-04 -3.12E-04 5.44E-04 4.89E-05 -4.83E-12 5.53E-12 
109 1.40E+02 0.00E+00 8.00E+02 3 -1.98E-04 -3.10E-04 5.37E-04 6.05E-05 -4.15E-12 5.60E-12 
110 1.60E+02 0.00E+00 8.00E+02 3 -1.90E-04 -3.08E-04 5.29E-04 7.16E-05 -3.46E-12 5.71E-12 
111 1.80E+02 0.00E+00 8.00E+02 3 -1.80E-04 -3.05E-04 5.20E-04 8.20E-05 -3.37E-12 5.87E-12 
112 2.00E+02 0.00E+00 8.00E+02 3 -1.71E-04 -3.02E-04 5.11E-04 9.18E-05 -3.49E-12 6.03E-12 
113 2.20E+02 0.00E+00 8.00E+02 3 -1.60E-04 -2.99E-04 5.00E-04 1.01E-04 -3.61E-12 6.20E-12 
114 2.40E+02 0.00E+00 8.00E+02 3 -1.49E-04 -2.96E-04 4.89E-04 1.09E-04 -3.73E-12 6.37E-12 
115 2.60E+02 0.00E+00 8.00E+02 3 -1.38E-04 -2.92E-04 4.77E-04 1.17E-04 -3.86E-12 6.54E-12 
116 2.80E+02 0.00E+00 8.00E+02 3 -1.26E-04 -2.89E-04 4.65E-04 1.24E-04 -3.99E-12 6.72E-12 
117 3.00E+02 0.00E+00 8.00E+02 3 -1.13E-04 -2.85E-04 4.52E-04 1.30E-04 -4.13E-12 6.91E-12 
118 3.20E+02 0.00E+00 8.00E+02 3 -1.01E-04 -2.80E-04 4.39E-04 1.35E-04 -4.28E-12 7.09E-12 
119 3.40E+02 0.00E+00 8.00E+02 3 -8.78E-05 -2.76E-04 4.25E-04 1.39E-04 -4.43E-12 7.29E-12 
120 3.60E+02 0.00E+00 8.00E+02 3 -7.48E-05 -2.72E-04 4.12E-04 1.43E-04 -4.59E-12 7.49E-12 
121 3.80E+02 0.00E+00 8.00E+02 3 -6.18E-05 -2.67E-04 3.98E-04 1.45E-04 -4.75E-12 7.69E-12 
122 4.00E+02 0.00E+00 8.00E+02 3 -4.88E-05 -2.63E-04 3.84E-04 1.47E-04 -4.92E-12 7.90E-12 
123 4.20E+02 0.00E+00 8.00E+02 3 -3.59E-05 -2.58E-04 3.69E-04 1.48E-04 -5.09E-12 8.12E-12 
124 4.40E+02 0.00E+00 8.00E+02 3 -2.31E-05 -2.53E-04 3.55E-04 1.48E-04 -5.27E-12 8.34E-12 
125 4.60E+02 0.00E+00 8.00E+02 3 -1.05E-05 -2.49E-04 3.42E-04 1.47E-04 -5.46E-12 8.56E-12 
126 4.80E+02 0.00E+00 8.00E+02 3 1.79E-06 -2.44E-04 3.28E-04 1.46E-04 -5.66E-12 8.79E-12 
127 5.00E+02 0.00E+00 8.00E+02 3 1.38E-05 -2.40E-04 3.14E-04 1.44E-04 -5.87E-12 9.02E-12 
128 5.20E+02 0.00E+00 8.00E+02 3 2.54E-05 -2.35E-04 3.01E-04 1.41E-04 -6.08E-12 9.26E-12 
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129 5.40E+02 0.00E+00 8.00E+02 3 3.65E-05 -2.31E-04 2.89E-04 1.37E-04 -6.30E-12 9.51E-12 
130 5.60E+02 0.00E+00 8.00E+02 3 4.72E-05 -2.27E-04 2.76E-04 1.33E-04 -6.53E-12 9.76E-12 
131 5.80E+02 0.00E+00 8.00E+02 3 5.73E-05 -2.23E-04 2.64E-04 1.28E-04 -6.77E-12 1.00E-11 
132 6.00E+02 0.00E+00 8.00E+02 3 6.69E-05 -2.19E-04 2.53E-04 1.23E-04 -7.02E-12 1.03E-11 
133 6.20E+02 0.00E+00 8.00E+02 3 7.60E-05 -2.15E-04 2.42E-04 1.17E-04 -7.28E-12 1.05E-11 
134 6.40E+02 0.00E+00 8.00E+02 3 8.44E-05 -2.11E-04 2.32E-04 1.10E-04 -7.55E-12 1.08E-11 
135 6.60E+02 0.00E+00 8.00E+02 3 9.22E-05 -2.08E-04 2.23E-04 1.03E-04 -7.83E-12 1.11E-11 
136 6.80E+02 0.00E+00 8.00E+02 3 9.94E-05 -2.05E-04 2.14E-04 9.60E-05 -8.12E-12 1.13E-11 
137 7.00E+02 0.00E+00 8.00E+02 3 1.06E-04 -2.02E-04 2.06E-04 8.83E-05 -8.42E-12 1.16E-11 
138 7.20E+02 0.00E+00 8.00E+02 3 1.12E-04 -1.99E-04 1.99E-04 8.03E-05 -8.73E-12 1.19E-11 
139 7.40E+02 0.00E+00 8.00E+02 3 1.17E-04 -1.97E-04 1.92E-04 7.20E-05 -9.05E-12 1.21E-11 
140 7.60E+02 0.00E+00 8.00E+02 3 1.22E-04 -1.95E-04 1.86E-04 6.35E-05 -9.39E-12 1.24E-11 
141 7.80E+02 0.00E+00 8.00E+02 3 1.26E-04 -1.93E-04 1.81E-04 5.48E-05 -9.73E-12 1.27E-11 
142 8.00E+02 0.00E+00 8.00E+02 3 1.29E-04 -1.91E-04 1.77E-04 4.59E-05 -1.01E-11 1.30E-11 
143 8.20E+02 0.00E+00 8.00E+02 3 1.32E-04 -1.90E-04 1.74E-04 3.69E-05 -1.05E-11 1.32E-11 
144 8.40E+02 0.00E+00 8.00E+02 3 1.34E-04 -1.89E-04 1.71E-04 2.78E-05 -1.08E-11 1.35E-11 
145 8.60E+02 0.00E+00 8.00E+02 3 1.35E-04 -1.88E-04 1.69E-04 1.86E-05 -1.12E-11 1.37E-11 
146 8.80E+02 0.00E+00 8.00E+02 3 1.36E-04 -1.88E-04 1.68E-04 9.29E-06 -1.16E-11 1.40E-11 
147 9.00E+02 0.00E+00 8.00E+02 3 1.37E-04 -1.88E-04 1.67E-04 -7.28E-12 -1.20E-11 1.42E-11 
148 9.20E+02 0.00E+00 8.00E+02 3 1.36E-04 -1.88E-04 1.68E-04 -9.29E-06 -1.24E-11 1.44E-11 
149 9.40E+02 0.00E+00 8.00E+02 3 1.35E-04 -1.88E-04 1.69E-04 -1.86E-05 -1.28E-11 1.46E-11 
150 9.60E+02 0.00E+00 8.00E+02 3 1.34E-04 -1.89E-04 1.71E-04 -2.78E-05 -1.33E-11 1.48E-11 
151 9.80E+02 0.00E+00 8.00E+02 3 1.32E-04 -1.90E-04 1.74E-04 -3.69E-05 -1.37E-11 1.49E-11 
152 1.00E+03 0.00E+00 8.00E+02 3 1.29E-04 -1.91E-04 1.77E-04 -4.59E-05 -1.41E-11 1.51E-11 
Table B-3: The Normal and Shear Stress Output of layered elastic system 
 
98 
 
No. Coordinates Normal Strain Shear Strain X Y Z L XX YY ZZ XZ YZ XY 
1 -5.00E+02 0.00E+00 3.00E+02 2 2.00E-04 -1.12E-04 5.88E-05 -2.65E-04 -2.32E-11 2.73E-11 
2 -4.80E+02 0.00E+00 3.00E+02 2 2.06E-04 -1.30E-04 8.15E-05 -2.93E-04 -2.56E-11 2.94E-11 
3 -4.60E+02 0.00E+00 3.00E+02 2 2.08E-04 -1.51E-04 1.10E-04 -3.24E-04 -2.83E-11 3.14E-11 
4 -4.40E+02 0.00E+00 3.00E+02 2 2.04E-04 -1.75E-04 1.47E-04 -3.56E-04 -3.11E-11 3.31E-11 
5 -4.20E+02 0.00E+00 3.00E+02 2 1.91E-04 -2.01E-04 1.91E-04 -3.90E-04 -3.41E-11 3.43E-11 
6 -4.00E+02 0.00E+00 3.00E+02 2 1.70E-04 -2.30E-04 2.45E-04 -4.22E-04 -3.69E-11 3.50E-11 
7 -3.80E+02 0.00E+00 3.00E+02 2 1.39E-04 -2.61E-04 3.08E-04 -4.51E-04 -3.94E-11 3.50E-11 
8 -3.60E+02 0.00E+00 3.00E+02 2 9.89E-05 -2.94E-04 3.79E-04 -4.75E-04 -4.15E-11 3.43E-11 
9 -3.40E+02 0.00E+00 3.00E+02 2 4.98E-05 -3.28E-04 4.58E-04 -4.92E-04 -4.30E-11 3.30E-11 
10 -3.20E+02 0.00E+00 3.00E+02 2 -5.86E-06 -3.62E-04 5.41E-04 -4.99E-04 -4.36E-11 3.12E-11 
11 -3.00E+02 0.00E+00 3.00E+02 2 -6.55E-05 -3.97E-04 6.27E-04 -4.95E-04 -4.33E-11 2.90E-11 
12 -2.80E+02 0.00E+00 3.00E+02 2 -1.26E-04 -4.30E-04 7.12E-04 -4.80E-04 -4.20E-11 2.66E-11 
13 -2.60E+02 0.00E+00 3.00E+02 2 -1.83E-04 -4.63E-04 7.93E-04 -4.54E-04 -3.97E-11 2.45E-11 
14 -2.40E+02 0.00E+00 3.00E+02 2 -2.33E-04 -4.93E-04 8.66E-04 -4.17E-04 -3.64E-11 2.27E-11 
15 -2.20E+02 0.00E+00 3.00E+02 2 -2.74E-04 -5.20E-04 9.30E-04 -3.71E-04 -3.25E-11 2.15E-11 
16 -2.00E+02 0.00E+00 3.00E+02 2 -3.02E-04 -5.44E-04 9.81E-04 -3.20E-04 -2.80E-11 2.11E-11 
17 -1.80E+02 0.00E+00 3.00E+02 2 -3.17E-04 -5.64E-04 1.02E-03 -2.65E-04 -2.32E-11 2.16E-11 
18 -1.60E+02 0.00E+00 3.00E+02 2 -3.18E-04 -5.81E-04 1.04E-03 -2.11E-04 -2.01E-11 2.30E-11 
19 -1.40E+02 0.00E+00 3.00E+02 2 -3.06E-04 -5.95E-04 1.06E-03 -1.60E-04 -2.24E-11 2.45E-11 
20 -1.20E+02 0.00E+00 3.00E+02 2 -2.85E-04 -6.06E-04 1.06E-03 -1.14E-04 -2.48E-11 2.57E-11 
21 -1.00E+02 0.00E+00 3.00E+02 2 -2.57E-04 -6.13E-04 1.05E-03 -7.68E-05 -2.73E-11 2.64E-11 
22 -8.00E+01 0.00E+00 3.00E+02 2 -2.26E-04 -6.19E-04 1.04E-03 -4.81E-05 -2.96E-11 2.65E-11 
23 -6.00E+01 0.00E+00 3.00E+02 2 -1.97E-04 -6.22E-04 1.03E-03 -2.80E-05 -3.18E-11 2.60E-11 
24 -4.00E+01 0.00E+00 3.00E+02 2 -1.73E-04 -6.25E-04 1.02E-03 -1.54E-05 -3.35E-11 2.48E-11 
25 -2.00E+01 0.00E+00 3.00E+02 2 -1.58E-04 -6.26E-04 1.01E-03 -8.33E-06 -3.46E-11 2.29E-11 
26 0.00E+00 0.00E+00 3.00E+02 2 -1.53E-04 -6.26E-04 1.01E-03 -4.15E-06 -3.49E-11 2.03E-11 
27 2.00E+01 0.00E+00 3.00E+02 2 -1.58E-04 -6.26E-04 1.01E-03 1.41E-07 -3.43E-11 1.72E-11 
28 4.00E+01 0.00E+00 3.00E+02 2 -1.74E-04 -6.24E-04 1.02E-03 7.48E-06 -3.26E-11 1.38E-11 
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29 6.00E+01 0.00E+00 3.00E+02 2 -1.98E-04 -6.22E-04 1.03E-03 2.05E-05 -2.98E-11 1.03E-11 
30 8.00E+01 0.00E+00 3.00E+02 2 -2.27E-04 -6.18E-04 1.04E-03 4.10E-05 -2.59E-11 6.89E-12 
31 1.00E+02 0.00E+00 3.00E+02 2 -2.57E-04 -6.12E-04 1.05E-03 7.01E-05 -2.10E-11 3.90E-12 
32 1.20E+02 0.00E+00 3.00E+02 2 -2.84E-04 -6.04E-04 1.06E-03 1.08E-04 -1.52E-11 1.52E-12 
33 1.40E+02 0.00E+00 3.00E+02 2 -3.04E-04 -5.94E-04 1.06E-03 1.53E-04 -8.86E-12 -6.92E-14 
34 1.60E+02 0.00E+00 3.00E+02 2 -3.15E-04 -5.80E-04 1.04E-03 2.04E-04 -2.16E-12 -7.37E-13 
35 1.80E+02 0.00E+00 3.00E+02 2 -3.12E-04 -5.62E-04 1.02E-03 2.58E-04 -4.89E-13 -7.10E-13 
36 2.00E+02 0.00E+00 3.00E+02 2 -2.97E-04 -5.42E-04 9.78E-04 3.12E-04 -5.40E-13 -6.57E-13 
37 2.20E+02 0.00E+00 3.00E+02 2 -2.68E-04 -5.17E-04 9.27E-04 3.63E-04 -6.03E-13 -6.15E-13 
38 2.40E+02 0.00E+00 3.00E+02 2 -2.27E-04 -4.90E-04 8.63E-04 4.07E-04 -6.72E-13 -5.88E-13 
39 2.60E+02 0.00E+00 3.00E+02 2 -1.77E-04 -4.60E-04 7.90E-04 4.43E-04 -7.41E-13 -5.78E-13 
40 2.80E+02 0.00E+00 3.00E+02 2 -1.20E-04 -4.28E-04 7.09E-04 4.69E-04 -8.07E-13 -5.84E-13 
41 3.00E+02 0.00E+00 3.00E+02 2 -6.01E-05 -3.94E-04 6.25E-04 4.84E-04 -8.63E-13 -5.99E-13 
42 3.20E+02 0.00E+00 3.00E+02 2 -7.74E-07 -3.59E-04 5.39E-04 4.87E-04 -9.08E-13 -6.17E-13 
43 3.40E+02 0.00E+00 3.00E+02 2 5.49E-05 -3.24E-04 4.56E-04 4.80E-04 -9.42E-13 -6.26E-13 
44 3.60E+02 0.00E+00 3.00E+02 2 1.04E-04 -2.90E-04 3.78E-04 4.63E-04 -9.68E-13 -6.20E-13 
45 3.80E+02 0.00E+00 3.00E+02 2 1.45E-04 -2.57E-04 3.06E-04 4.39E-04 -9.91E-13 -5.90E-13 
46 4.00E+02 0.00E+00 3.00E+02 2 1.77E-04 -2.26E-04 2.43E-04 4.10E-04 -1.02E-12 -5.34E-13 
47 4.20E+02 0.00E+00 3.00E+02 2 2.00E-04 -1.97E-04 1.88E-04 3.77E-04 -1.06E-12 -4.52E-13 
48 4.40E+02 0.00E+00 3.00E+02 2 2.14E-04 -1.71E-04 1.43E-04 3.43E-04 -1.11E-12 -3.50E-13 
49 4.60E+02 0.00E+00 3.00E+02 2 2.20E-04 -1.47E-04 1.06E-04 3.10E-04 -1.18E-12 -2.35E-13 
50 4.80E+02 0.00E+00 3.00E+02 2 2.19E-04 -1.26E-04 7.59E-05 2.78E-04 -1.27E-12 -1.18E-13 
51 5.00E+02 0.00E+00 3.00E+02 2 2.15E-04 -1.07E-04 5.28E-05 2.49E-04 -1.38E-12 -9.05E-15 
52 5.20E+02 0.00E+00 3.00E+02 2 2.07E-04 -9.08E-05 3.48E-05 2.22E-04 -1.51E-12 8.52E-14 
53 5.40E+02 0.00E+00 3.00E+02 2 1.97E-04 -7.65E-05 2.10E-05 1.99E-04 -1.64E-12 1.60E-13 
54 5.60E+02 0.00E+00 3.00E+02 2 1.87E-04 -6.41E-05 1.01E-05 1.78E-04 -1.77E-12 2.18E-13 
55 5.80E+02 0.00E+00 3.00E+02 2 1.77E-04 -5.33E-05 1.31E-06 1.60E-04 -1.89E-12 2.63E-13 
56 6.00E+02 0.00E+00 3.00E+02 2 1.68E-04 -4.39E-05 -5.89E-06 1.44E-04 -1.99E-12 3.08E-13 
57 6.20E+02 0.00E+00 3.00E+02 2 1.60E-04 -3.56E-05 -1.20E-05 1.30E-04 -2.09E-12 3.64E-13 
58 6.40E+02 0.00E+00 3.00E+02 2 1.53E-04 -2.83E-05 -1.72E-05 1.16E-04 -2.17E-12 4.46E-13 
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59 6.60E+02 0.00E+00 3.00E+02 2 1.46E-04 -2.20E-05 -2.16E-05 1.04E-04 -2.25E-12 5.65E-13 
60 6.80E+02 0.00E+00 3.00E+02 2 1.40E-04 -1.64E-05 -2.52E-05 9.19E-05 -2.34E-12 7.29E-13 
61 7.00E+02 0.00E+00 3.00E+02 2 1.35E-04 -1.15E-05 -2.81E-05 8.06E-05 -2.44E-12 9.40E-13 
62 7.20E+02 0.00E+00 3.00E+02 2 1.29E-04 -7.34E-06 -3.02E-05 6.99E-05 -2.56E-12 1.19E-12 
63 7.40E+02 0.00E+00 3.00E+02 2 1.24E-04 -3.78E-06 -3.15E-05 5.97E-05 -2.72E-12 1.48E-12 
64 7.60E+02 0.00E+00 3.00E+02 2 1.19E-04 -8.06E-07 -3.22E-05 5.02E-05 -2.91E-12 1.79E-12 
65 7.80E+02 0.00E+00 3.00E+02 2 1.14E-04 1.63E-06 -3.23E-05 4.13E-05 -3.13E-12 2.10E-12 
66 8.00E+02 0.00E+00 3.00E+02 2 1.09E-04 3.56E-06 -3.20E-05 3.31E-05 -3.39E-12 2.41E-12 
67 8.20E+02 0.00E+00 3.00E+02 2 1.05E-04 5.05E-06 -3.14E-05 2.56E-05 -3.66E-12 2.71E-12 
68 8.40E+02 0.00E+00 3.00E+02 2 1.02E-04 6.14E-06 -3.08E-05 1.86E-05 -3.94E-12 3.00E-12 
69 8.60E+02 0.00E+00 3.00E+02 2 9.92E-05 6.88E-06 -3.02E-05 1.21E-05 -4.22E-12 3.29E-12 
70 8.80E+02 0.00E+00 3.00E+02 2 9.77E-05 7.31E-06 -2.99E-05 5.97E-06 -4.49E-12 3.59E-12 
71 9.00E+02 0.00E+00 3.00E+02 2 9.71E-05 7.45E-06 -2.97E-05 -9.10E-13 -4.75E-12 3.92E-12 
72 9.20E+02 0.00E+00 3.00E+02 2 9.77E-05 7.31E-06 -2.99E-05 -5.97E-06 -5.01E-12 4.31E-12 
73 9.40E+02 0.00E+00 3.00E+02 2 9.92E-05 6.88E-06 -3.02E-05 -1.21E-05 -5.27E-12 4.79E-12 
74 9.60E+02 0.00E+00 3.00E+02 2 1.02E-04 6.14E-06 -3.08E-05 -1.86E-05 -5.56E-12 5.36E-12 
75 9.80E+02 0.00E+00 3.00E+02 2 1.05E-04 5.05E-06 -3.14E-05 -2.56E-05 -5.89E-12 6.03E-12 
76 1.00E+03 0.00E+00 3.00E+02 2 1.09E-04 3.56E-06 -3.20E-05 -3.31E-05 -6.28E-12 6.82E-12 
77 -5.00E+02 0.00E+00 8.00E+02 3 -2.71E-05 -2.04E-04 2.92E-04 -2.24E-04 -1.96E-11 1.55E-11 
78 -4.80E+02 0.00E+00 8.00E+02 3 -3.75E-05 -2.11E-04 3.07E-04 -2.24E-04 -1.96E-11 1.51E-11 
79 -4.60E+02 0.00E+00 8.00E+02 3 -4.82E-05 -2.17E-04 3.22E-04 -2.24E-04 -1.96E-11 1.47E-11 
80 -4.40E+02 0.00E+00 8.00E+02 3 -5.92E-05 -2.23E-04 3.38E-04 -2.23E-04 -1.95E-11 1.43E-11 
81 -4.20E+02 0.00E+00 8.00E+02 3 -7.04E-05 -2.30E-04 3.53E-04 -2.21E-04 -1.93E-11 1.39E-11 
82 -4.00E+02 0.00E+00 8.00E+02 3 -8.17E-05 -2.36E-04 3.68E-04 -2.18E-04 -1.91E-11 1.35E-11 
83 -3.80E+02 0.00E+00 8.00E+02 3 -9.31E-05 -2.42E-04 3.83E-04 -2.15E-04 -1.88E-11 1.30E-11 
84 -3.60E+02 0.00E+00 8.00E+02 3 -1.05E-04 -2.48E-04 3.98E-04 -2.11E-04 -1.85E-11 1.26E-11 
85 -3.40E+02 0.00E+00 8.00E+02 3 -1.16E-04 -2.54E-04 4.13E-04 -2.06E-04 -1.81E-11 1.21E-11 
86 -3.20E+02 0.00E+00 8.00E+02 3 -1.27E-04 -2.60E-04 4.28E-04 -2.01E-04 -1.76E-11 1.16E-11 
87 -3.00E+02 0.00E+00 8.00E+02 3 -1.38E-04 -2.65E-04 4.42E-04 -1.95E-04 -1.70E-11 1.11E-11 
88 -2.80E+02 0.00E+00 8.00E+02 3 -1.49E-04 -2.71E-04 4.55E-04 -1.88E-04 -1.64E-11 1.07E-11 
101 
 
89 -2.60E+02 0.00E+00 8.00E+02 3 -1.59E-04 -2.76E-04 4.69E-04 -1.80E-04 -1.57E-11 1.02E-11 
90 -2.40E+02 0.00E+00 8.00E+02 3 -1.69E-04 -2.81E-04 4.81E-04 -1.72E-04 -1.50E-11 9.79E-12 
91 -2.20E+02 0.00E+00 8.00E+02 3 -1.78E-04 -2.86E-04 4.93E-04 -1.62E-04 -1.42E-11 9.38E-12 
92 -2.00E+02 0.00E+00 8.00E+02 3 -1.87E-04 -2.90E-04 5.04E-04 -1.53E-04 -1.33E-11 8.99E-12 
93 -1.80E+02 0.00E+00 8.00E+02 3 -1.95E-04 -2.94E-04 5.15E-04 -1.42E-04 -1.24E-11 8.64E-12 
94 -1.60E+02 0.00E+00 8.00E+02 3 -2.03E-04 -2.98E-04 5.24E-04 -1.31E-04 -1.17E-11 8.32E-12 
95 -1.40E+02 0.00E+00 8.00E+02 3 -2.09E-04 -3.01E-04 5.33E-04 -1.20E-04 -1.14E-11 8.00E-12 
96 -1.20E+02 0.00E+00 8.00E+02 3 -2.15E-04 -3.04E-04 5.41E-04 -1.07E-04 -1.12E-11 7.69E-12 
97 -1.00E+02 0.00E+00 8.00E+02 3 -2.20E-04 -3.07E-04 5.47E-04 -9.50E-05 -1.09E-11 7.38E-12 
98 -8.00E+01 0.00E+00 8.00E+02 3 -2.24E-04 -3.10E-04 5.53E-04 -8.21E-05 -1.05E-11 7.07E-12 
99 -6.00E+01 0.00E+00 8.00E+02 3 -2.27E-04 -3.12E-04 5.57E-04 -6.90E-05 -1.01E-11 6.78E-12 
100 -4.00E+01 0.00E+00 8.00E+02 3 -2.29E-04 -3.13E-04 5.61E-04 -5.57E-05 -9.64E-12 6.51E-12 
101 -2.00E+01 0.00E+00 8.00E+02 3 -2.30E-04 -3.14E-04 5.63E-04 -4.22E-05 -9.14E-12 6.27E-12 
102 0.00E+00 0.00E+00 8.00E+02 3 -2.29E-04 -3.15E-04 5.64E-04 -2.87E-05 -8.61E-12 6.05E-12 
103 2.00E+01 0.00E+00 8.00E+02 3 -2.28E-04 -3.16E-04 5.63E-04 -1.52E-05 -8.04E-12 5.86E-12 
104 4.00E+01 0.00E+00 8.00E+02 3 -2.26E-04 -3.16E-04 5.62E-04 -1.79E-06 -7.44E-12 5.71E-12 
105 6.00E+01 0.00E+00 8.00E+02 3 -2.22E-04 -3.15E-04 5.59E-04 1.14E-05 -6.82E-12 5.60E-12 
106 8.00E+01 0.00E+00 8.00E+02 3 -2.17E-04 -3.14E-04 5.55E-04 2.43E-05 -6.17E-12 5.53E-12 
107 1.00E+02 0.00E+00 8.00E+02 3 -2.12E-04 -3.13E-04 5.50E-04 3.68E-05 -5.51E-12 5.50E-12 
108 1.20E+02 0.00E+00 8.00E+02 3 -2.05E-04 -3.12E-04 5.44E-04 4.89E-05 -4.83E-12 5.53E-12 
109 1.40E+02 0.00E+00 8.00E+02 3 -1.98E-04 -3.10E-04 5.37E-04 6.05E-05 -4.15E-12 5.60E-12 
110 1.60E+02 0.00E+00 8.00E+02 3 -1.90E-04 -3.08E-04 5.29E-04 7.16E-05 -3.46E-12 5.71E-12 
111 1.80E+02 0.00E+00 8.00E+02 3 -1.80E-04 -3.05E-04 5.20E-04 8.20E-05 -3.37E-12 5.87E-12 
112 2.00E+02 0.00E+00 8.00E+02 3 -1.71E-04 -3.02E-04 5.11E-04 9.18E-05 -3.49E-12 6.03E-12 
113 2.20E+02 0.00E+00 8.00E+02 3 -1.60E-04 -2.99E-04 5.00E-04 1.01E-04 -3.61E-12 6.20E-12 
114 2.40E+02 0.00E+00 8.00E+02 3 -1.49E-04 -2.96E-04 4.89E-04 1.09E-04 -3.73E-12 6.37E-12 
115 2.60E+02 0.00E+00 8.00E+02 3 -1.38E-04 -2.92E-04 4.77E-04 1.17E-04 -3.86E-12 6.54E-12 
116 2.80E+02 0.00E+00 8.00E+02 3 -1.26E-04 -2.89E-04 4.65E-04 1.24E-04 -3.99E-12 6.72E-12 
117 3.00E+02 0.00E+00 8.00E+02 3 -1.13E-04 -2.85E-04 4.52E-04 1.30E-04 -4.13E-12 6.91E-12 
118 3.20E+02 0.00E+00 8.00E+02 3 -1.01E-04 -2.80E-04 4.39E-04 1.35E-04 -4.28E-12 7.09E-12 
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119 3.40E+02 0.00E+00 8.00E+02 3 -8.78E-05 -2.76E-04 4.25E-04 1.39E-04 -4.43E-12 7.29E-12 
120 3.60E+02 0.00E+00 8.00E+02 3 -7.48E-05 -2.72E-04 4.12E-04 1.43E-04 -4.59E-12 7.49E-12 
121 3.80E+02 0.00E+00 8.00E+02 3 -6.18E-05 -2.67E-04 3.98E-04 1.45E-04 -4.75E-12 7.69E-12 
122 4.00E+02 0.00E+00 8.00E+02 3 -4.88E-05 -2.63E-04 3.84E-04 1.47E-04 -4.92E-12 7.90E-12 
123 4.20E+02 0.00E+00 8.00E+02 3 -3.59E-05 -2.58E-04 3.69E-04 1.48E-04 -5.09E-12 8.12E-12 
124 4.40E+02 0.00E+00 8.00E+02 3 -2.31E-05 -2.53E-04 3.55E-04 1.48E-04 -5.27E-12 8.34E-12 
125 4.60E+02 0.00E+00 8.00E+02 3 -1.05E-05 -2.49E-04 3.42E-04 1.47E-04 -5.46E-12 8.56E-12 
126 4.80E+02 0.00E+00 8.00E+02 3 1.79E-06 -2.44E-04 3.28E-04 1.46E-04 -5.66E-12 8.79E-12 
127 5.00E+02 0.00E+00 8.00E+02 3 1.38E-05 -2.40E-04 3.14E-04 1.44E-04 -5.87E-12 9.02E-12 
128 5.20E+02 0.00E+00 8.00E+02 3 2.54E-05 -2.35E-04 3.01E-04 1.41E-04 -6.08E-12 9.26E-12 
129 5.40E+02 0.00E+00 8.00E+02 3 3.65E-05 -2.31E-04 2.89E-04 1.37E-04 -6.30E-12 9.51E-12 
130 5.60E+02 0.00E+00 8.00E+02 3 4.72E-05 -2.27E-04 2.76E-04 1.33E-04 -6.53E-12 9.76E-12 
131 5.80E+02 0.00E+00 8.00E+02 3 5.73E-05 -2.23E-04 2.64E-04 1.28E-04 -6.77E-12 1.00E-11 
132 6.00E+02 0.00E+00 8.00E+02 3 6.69E-05 -2.19E-04 2.53E-04 1.23E-04 -7.02E-12 1.03E-11 
133 6.20E+02 0.00E+00 8.00E+02 3 7.60E-05 -2.15E-04 2.42E-04 1.17E-04 -7.28E-12 1.05E-11 
134 6.40E+02 0.00E+00 8.00E+02 3 8.44E-05 -2.11E-04 2.32E-04 1.10E-04 -7.55E-12 1.08E-11 
135 6.60E+02 0.00E+00 8.00E+02 3 9.22E-05 -2.08E-04 2.23E-04 1.03E-04 -7.83E-12 1.11E-11 
136 6.80E+02 0.00E+00 8.00E+02 3 9.94E-05 -2.05E-04 2.14E-04 9.60E-05 -8.12E-12 1.13E-11 
137 7.00E+02 0.00E+00 8.00E+02 3 1.06E-04 -2.02E-04 2.06E-04 8.83E-05 -8.42E-12 1.16E-11 
138 7.20E+02 0.00E+00 8.00E+02 3 1.12E-04 -1.99E-04 1.99E-04 8.03E-05 -8.73E-12 1.19E-11 
139 7.40E+02 0.00E+00 8.00E+02 3 1.17E-04 -1.97E-04 1.92E-04 7.20E-05 -9.05E-12 1.21E-11 
140 7.60E+02 0.00E+00 8.00E+02 3 1.22E-04 -1.95E-04 1.86E-04 6.35E-05 -9.39E-12 1.24E-11 
141 7.80E+02 0.00E+00 8.00E+02 3 1.26E-04 -1.93E-04 1.81E-04 5.48E-05 -9.73E-12 1.27E-11 
142 8.00E+02 0.00E+00 8.00E+02 3 1.29E-04 -1.91E-04 1.77E-04 4.59E-05 -1.01E-11 1.30E-11 
143 8.20E+02 0.00E+00 8.00E+02 3 1.32E-04 -1.90E-04 1.74E-04 3.69E-05 -1.05E-11 1.32E-11 
144 8.40E+02 0.00E+00 8.00E+02 3 1.34E-04 -1.89E-04 1.71E-04 2.78E-05 -1.08E-11 1.35E-11 
145 8.60E+02 0.00E+00 8.00E+02 3 1.35E-04 -1.88E-04 1.69E-04 1.86E-05 -1.12E-11 1.37E-11 
146 8.80E+02 0.00E+00 8.00E+02 3 1.36E-04 -1.88E-04 1.68E-04 9.29E-06 -1.16E-11 1.40E-11 
147 9.00E+02 0.00E+00 8.00E+02 3 1.37E-04 -1.88E-04 1.67E-04 -7.28E-12 -1.20E-11 1.42E-11 
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148 9.20E+02 0.00E+00 8.00E+02 3 1.36E-04 -1.88E-04 1.68E-04 -9.29E-06 -1.24E-11 1.44E-11 
149 9.40E+02 0.00E+00 8.00E+02 3 1.35E-04 -1.88E-04 1.69E-04 -1.86E-05 -1.28E-11 1.46E-11 
150 9.60E+02 0.00E+00 8.00E+02 3 1.34E-04 -1.89E-04 1.71E-04 -2.78E-05 -1.33E-11 1.48E-11 
151 9.80E+02 0.00E+00 8.00E+02 3 1.32E-04 -1.90E-04 1.74E-04 -3.69E-05 -1.37E-11 1.49E-11 
152 1.00E+03 0.00E+00 8.00E+02 3 1.29E-04 -1.91E-04 1.77E-04 -4.59E-05 -1.41E-11 1.51E-11 
 
Table B-4:  Normal and Shear Strain output of layered elastic system 
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Appendix C: Material Specification and Gravel Road  
 
Table C-1: AASHTO Classifications of Material (AASHTO, 1993)
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Soils used for improved subgrade layers shall be non-expansive, non-dispersive and free from 
any deleterious matter. They shall comply with the requirements shown in Table C-2. 
 Table C-2:  Subgrade material characteristics gravel wearing course design (ERA 2002) 
 
Figure C-1: Pavement and Improved Subgrade for Gravel Roads (ERA, 2002) 
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Figure C-2: Typical Pavement Structures (SA P E Manual, 2013) 
 
 Figure C-3:  Pavement Typical Detail (Tanzanian Pavement Manual, 2000) 
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Figure C-4: Standard Axle Loading (Austroads 2004)  
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Appendix D: Numerical Simulation  
A numerical simulation is a calculation that is run on a computer, following a program that 
implements a mathematical model for a physical system. Numerical simulations are required to 
study the behaviour of systems whose mathematical models are too complex to provide 
analytical solutions, as in most nonlinear systems. In the study of behavioral condition of 
granular material, the discreteness of the particles and the force of transmission between the 
particles at contact points make complex the constitutive relationship of the granular material. 
Additionally, the stress existing inside the sample was difficult to measure in a traditional 
laboratory test. These behavioral constraints of granular material were determined through an 
alternative boundary condition.  
Simulation Software 
 After a rock related behavioral analysis, the computer program was introduced for DEM. This 
computer program was further developed to analysis the behavior of rock and unbound granular 
materials in discretely in current time and became a commercial DEM Code.  These software’s 
are namely 3DEC and PFC2D or PFC3D were first developed by Itasca. And there are many 
other open source DEM programs available, specially, LMMPS, SDEC, and YADE. In recent 
time, DEM and its software had proved to be better instruments of behavioral for discrete 
particles (discontinuous media) than any other simulation tools.  
In this research recommendation for future research, the open source DEM program namely 
YADE (Yet another Dynamic Engine) was used to model the repeated triaxial test of unbound 
pavement material as indicated in figure 3.3. Basically, this software is important to analysis the 
behaviour of sampled materials as any other DEM program, additionally, it is easily available, 
easy in setup and less in cost as compare to the commercial software. And this program is 
available on www.yade-dem.org/packages.  
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  Figure D-1: A three dimensional DEM sample subject to triaxial compression (J. Kozicki, 2008) 
 
Numerical Simulation Input Data 
Particle Size and Shape 
The characterizations of aggregate in physical tests in the laboratory were the main input 
parameters of this research. Variety of tests was carried out in laboratory to ensure that the 
aggregate performs as intended for this research work. One of these tests was the gradation test 
that used to determine the distribution of aggregate particles by size within a given sample. In 
this research, aggregate size analysis was conducted according to AASHTO sieve size 
distribution that common used for test of crushed stone aggregate. The series of these sieve sizes 
used for this research work are: 37.5mm, 25mm, 19mm, 16mm, 12.5mm 9.5mm 4,75mm and 
2.36mm. Mostly of a sampled aggregate retained on these sieves had selected as input 
parameters of DEM. The apparatus used for this sample preparation and test procedure of 
particle size analysis had done according to AASHTO materials test specification in the 
laboratory.  
In this research recommendation for future research, the shape of aggregate estimated in three 
approaches. These approaches are based on the international standards, Discrete Element 
Modeling and visuals or statically. The international standard classified aggregate particles as 
flaky when they have a thickness of less than 0.6 of their mean sieve size as a British standard. 
The ASTM classified the shape of coarse aggregate into three, namely flat particles, elongate 
particle and flat and elongate particles. In DEM the shape of the aggregate particle can be 
classified in to three; pyramids, elongate and spherical shapes as seen in figure 4.2. The DEM 
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replication of the particle shapes were done by means of the clump logic in this research. The 
clump representations of the particle shapes can be seen in Figures 3.7and 3.8.The elongated 
particles were represented by two spheres clumped together, while the pyramid shaped particles 
were represented by four spheres clumped together as shown in Figure 3.8. In this research, 
shape of the aggregate particles is considered as a sphere due to the equivalency of 
representation or clump logic where the particle shape was largely spherical, representation by 
means of a perfect sphere in YADE was deemed appropriate.  
 
Figure D-2: Particle Shapes with Superimposed Clump Equivalents 
 
 
 
 
 
 
Figure D-3: Clumps Logic in Discrete Element Modeling  
 
Particle Density, Bulk Density, Porosity and Voids Ratio 
The Bulk Density, Porosity and Void Ration of the sampled aggregate were used to determine in 
the laboratory as well as the density of particles under study. These parameters were used to as 
an input data for the numerical simulation software, basically in YADE and ensure consistent of 
initial compaction characteristics prior to test of other, namely the CCT and DST for 
determination of particle stiffness and coefficient of friction. The apparatus used for a sample 
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preparation and a test procedure for densities determination method were done according to 
British Standard materials test specification. The experimental data obtained in the laboratory for 
numerical input parameters was indicated in table 3.1. 
Particle Stiffness 
It is the ability of the particles to resist deformation in response to applied load. The particle 
stiffness of sampled aggregate was determined as a confined young’s modulus through confined 
compression test (CCT) in the laboratory. The bulk parameter that indicates the stiffness 
characteristics of a packing is the bulk stiffness and directly related to the confined young’s 
modulus. In this research, the confined compression test was performed using the compression 
test machine indicated in figure 3.4 and procedure as well. The availability of confined 
compression test equipment, namely the large scale box shown in figure 3.7 did not find the 
laboratories of the country that used to determine the stiffness or confined young modulus of 
coarse aggregate; this makes to look other a pre-selected option. This pre-selected option is 
adopted by an international manual like AASHTO and ASTM. This is used for numerical 
simulation software, namely YADE, a type of DEM software which had a predetermined particle 
stiffness or normal stiffness of aggregate. The test result obtained from compression test machine 
in laboratory for normal particle stiffness was used as an input parameter of in this research 
recommendation for future research.   
Inter-particle Friction Coefficient 
Inter particle friction coefficient is the input parameters of Discrete Element Modeling; in this 
research, it was determined in the laboratory by a direct shear test. A direct shear test contains a 
shear box. This shear box has two parts namely a top and a bottom, with a cylindrically shape. 
The crushed granular material in a shear box was sheared laterally by applying a vertical load. 
Basically, the shear displacement occurs at a constant velocity and it creates a thin shear zone in 
crushed granular materials at a half of the two parts as shown in Figure 3.8. Whereas, Stresses 
(Normal and Shear) acting on the normal plane were obtained from measured normal and shear 
loads afterward used to determine bulk properties of this material, mainly the internal friction 
angle.  
The availability equipment, namely the Direct Shear test in the laboratories of the country that 
used to determine the internal friction angle of coarse aggregate makes to look other a pre-
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selected option. This pre-selected option is adopted by international recognized manuals such as 
AASHTO and ASTM. This selected alternative of internal friction angle was used as an input 
parameter of in this research recommendation for future research. 
Particle-Wall Friction Coefficient 
The coefficient friction is used to describe frictional behaviour between the individual particles 
and the interaction between the particles and the interface during simulation process of this 
research work. The experimental procedures were planned to value this coefficient of friction. 
The friction coefficient was determined for boundary material. The determined frictional 
coefficient from experimental result was applicable in DEM simulation of In this research 
recommendation for future research. This is obtained in the numerical simulation software, 
namely YADE, a type of DEM software which had a predetermined the interaction friction 
angle. This per selected potion of the interaction friction angle was used as an input parameter of 
this research. 
Damping  
In this research recommendation for future research, damping can be classified as local non 
viscous damping and viscous damping. The simulation recommended for this research require 
the moving wall boundaries, however, the local non viscous damping is not used for systems 
where large numbers of particles are driven by specified velocity boundary conditions, so, the 
local damping coefficients were set to zero while viscous damping was used . This is essential 
way for energy dissipation. 
In general, viscous damping is characterized by the critical damping ratio, (Itasca, 2003). This 
critical damping ratio or ξ is specified in YADE, in both the normal and shear directions. When ξ 
= 1, the system is said to be critically damped. For ξ ˂ 1 the system is under damped, while for ξ 
˃ 1 the system is over damped. When handling the crushed aggregate samples, it was clearly 
observed that the particles exhibit a fairly high degree of damping. It was therefore assumed that 
the particles are slightly under damped, and the critical damping ratio was chosen to be 0.8 and 
implemented directly in YADE.  
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 Wall Stiffness 
It was assumed that the wall stiffness does not have a significant influence on the results for this 
research. A wall stiffness value was used that is larger than the anticipated particle stiffness 
values, with at most one order of magnitude, to ensure largely rigid interface walls. The value 
that was chosen for the wall stiffness is 150 KN/m and was implemented directly in YADE for 
all of the simulations (in both the normal and shear directions). 
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Appendix E: Equation and Correlations 
Stress path 
A result of triaxial test was represented by diagram. This diagram is stress path.  It is a line that 
connects a series of points, each of which represented a successive stress state of specimen 
during progress of a test. There are several ways in which stress path can be drawn. This research 
covers one of them. Lambe suggested a type of stress path representation that plots q against p 
(where p and q are the coordinates of top of the Mohr’s circle). Thus, relationships between p 
and q are as follows: 
                                                                                  
                                                                               
 
Figure E-1: Stress path (Principle Geotechnical Engineering, Fifth Edition, 2006)   
 
  = (                       
 The symbols used in equations and indicate on stress path diagram, c= c’, σ1 = σ1’ and σ3=σ3’, 
φ=φ’ are similar. 
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Unbound pavement material Californian Bearing Ratio (CBR (%)) correlation to Modulus (MR) 
value indicated at row two of this table used for this research.  
 
Table E-1: Correlations between resilient modulus and CBR value (NCHRP 1-37A) 
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   Stresses State 
The stresses applied to a specimen when running a triaxial compression test are displayed in 
Figure 3.6. The confining stress σc is applied by pressurizing the cell fluid surrounding the 
specimen – it is equal to the radial stress σr, or minor principal stress σ3. The deviator stress q is 
generated by applying an axial strain εa to the specimen – the deviator stress acts in addition to 
the confining stress in the axial direction, with these combined stresses equal to the axial stress 
σa, or major principal stress σ1. The stress state is said to be isotropic when σ1 = σ3, and 
anisotropic when σ1 ≠ σ3. 
 
Figure E-2:  Specimen stress state during triaxial compression (http://www.gdsinstruments.com/) 
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Appendix F: Research Photo Report 
 
 
 
 Materials Sampled Standard Compaction Apparatus 
 
 
Compaction process Compacted sample 
 
Figure F-1: Standard Compaction Determine OMC and MDD at Laboratory 
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Sample after 24 hours  in oven Sample retained on 25mm sieve size  
 
 
 
                
 
Sieve used in grain size determination, 
AASHTO 
Sample prepared for triaxial specimen  
 
Figure F-2: Grain Size Analysis of Material for Specimen Preparation 
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Figure F-3:  Procedures of Triaxial Sample Preparation at laboratory  
 
  
Sample Compaction  Sample Prepared  
  
Sealed Sample The Specimen 
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a.  Repeated load apparatus b. Triaxial cell 
  
C. Triaxial test Installation D. Dial and Ring Gauge   
  
E.  Air pressure cell Pressure gauge  
Figure F-4:  Repeated Load Triaxial Test Equipments used in laboratory 
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ECDSWC Building Office  Taking the test result  
  
Triaxial Test Equipment  Conducting the triaxial test 
 
Figure F-5: Ethiopian Construction Design and Supervision Work Corporation laboratory   
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Existing Borrow pit  Taking Sample  
 
  
Sampled material and used equipment Vehicle used for sampling 
 
Figure F-6: Sampling of Material from existing borrows pit  
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